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PREFACE

This report was prepared by the Lockheed-Georgia Company, Marietta,
Georgia, for the Flight Dynamics Laboratory, Air Force Wright Aeronautical
Laboratories, Wright-Patterson Air Force Base, Ohio, under Contract
F33615-79-C-3207. The work described herein is a continuing part of the
Air Force Systems Command's exploratory development program to establish
tolerance levels and design criteria for acoustic fatigue prevention in
flight vehicles.

The work was directed under Work Unit 24010131, "Cruise Missile/Cavity
Oscillation Environments."® Mr, Leonard Shaw (AFWAL/FIBE) was the Project
Engineer. The Lockheed Program Manager was Mr, Harold Bartel. The
Principal Investigatorsa were Mr., Harold Bartel and Mr. James M, McAvoy.

For internal control, this report is identified by Lockheed as LGB1ER0156,
and is the only publication prepared under this contract. Submittal of the
technical report by the authors in April 1981 coapleted the techniocal
effort, which was begun in August 1979,
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SYMBOLS AND SUBSCRIPTS

SYMBOLS

Co

aB

dB

3

-y

Missile bay normalized dimension in fore-aft or streamwise direction;

ratio of aperture length to missile bay length; a = L / i’.x.

Midsile bay normalized dimension in depth direction; ratio of aperture
length to missile bay depth; b = L / Lg-

Speed of sound in missile bay (feet per second).
Speed of sound in freestream (feet per second).

Depth dimension in cpen bomb bays, or diameter of cylindrical missile bay

model,

9

Decibels, always referenced to 2.9006 ®10°° psi (.0002 dynes per sq. cm.).

Decibel gpectrum level. .

dcoustic mode order tern Cor modes in non streamwise direction. For en-
closed rectangular missile bays, F o Nz. For enclosed cylindrical and

seaicylindrical missile bays, ¥ =@, o For open bomb bays, FoeN_/2,

Frequency in Hert: (cyclea per second) .

Gravitational acceleration constant,

_ 2.2 endy 172
Acoustic mode-dependent constant defined as, G = (a Hx « B°F%) .

Hach-dependent constant defined as, K = (10.2‘82)‘/2.

Ratio of convection velocity to freestrean velocity. Herein, Kv 2 0.57.

xii
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SYMBOLS AND SUBSCRIPTS (Contd)

Aperture length in fore-aft or streamwise direction (feet).

' é
Aperture width, crosswise to stream flow (feet).

Aperture neck or throat depth (feet).
1 4
Missile bay d;mension in non-streamwise direction (feet). For enclosed

rectangular bays.iF = /. For enclosed cylindrical and semicylindrical

Z
missile bays, IF =, r. For opeh bomb bays, lF =3lze’
A

Missilé bay dimension in fore-aft or streamwise direction (feet).
L

Missile bay dimension in depth direction (feet).
Acoustic effective depth in open bomb bays (feet).
Mach number,

Tangential acoustic mode integer in cylindrical and semicylindrical en-

closures; m = 0,1,2,3, etc. (all integers).

Shear layer pressure oscillation mode inteéger in Rossiter equation;
NR s 1.2.3. etc.
Shear layer pressure oscillation mode integer in Spee equation;

NS = 1,2,3, ete.

" Fore-aft acoustic mode integer. In all missile bays N, = 0,1,2,3, eto.

Al

{ail integers).
Depthwise acoustic mode integer. In enclosed rectangular missile bays,

Nz = 0,1,2,3, ete, (all integers:. In open bomb bays, Nz = 0,1,3,5 eta,
(odd invegers only). '
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SYMBOLS AND SUBSCRIPTS (Coritd)

n Radial acoustic mode integer in cylinarical and sewmicylindrical en-
) closures; n = 0,1,2,3 ete. (all int:zers).
P Pressure in pounds per square inch.
q Dynamic pressure in pounds ner sguare inch,
K Universal pas constant; 53.3¢ for air.
r kadius of cylinderical or cewmicylindericul missile bay (feet).
S Strouhal number; defined as S = fL/U,
SPL Sound pressure lev: , .. decibels.
; 3 .T Temperature, degrees Xankine.
; . ; u Free-stream velocity (feet per second),
; * g{ Ve Convection velocity (feet per seconu). herein U, = .57 U.
; X Station or position fore-aft in missile bay, with x = 0 al downstream
E‘ '“fi wall, in units consistent with [x‘
; : %; z Station or position depthwise in missile bay, with 2 = 0 wb wperature, in
?{t . ; units consistant withf 2°
a L/0 - dependent constant in Kossiter equation., Haereln, @ : (24,
Qpn Acoustic mode constant for cyiindrical and semjceylinarfcel onclosures,
Quantified in Sectlion 3.5.3%.

y Ratio of specitic heaty; for air, ¥ = 1.39%.
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SYMBOLS AND SUBSCRIPTS (Contd)

ﬂx Fore-aft location in missile bay, defined as x/[x.

“z Depthwise location in misile bay, defined as z/f 2
3 Empirical expunens, defined as 22/ (SPL nax SPLB).
o] Density of gas.
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SYMBOLS AND SUBSCRIPTS (Contd)

SUBSCRIPTS

Deriotes broadband or random noise.

Denotes the dimension direction that 1s consistant with the acoustic mode

order term F.

Denotes the intersection of Strouhal curves for shear layer and acoustic

modes.

Denotes tangential acoustic modes.

Denotes the spatial wmaximum sound pressure level during cavity

osciilation,

Denotes radial scousti: modes.

Denotes onset of an oscillation

Denotes shear layer osaillation, as described by Rossiter,

Denotes shear layer oscillation, as described by Spee.

Denotes random spectrum lovel.

Denotes termination of an osqillatory condition. Also denotes total when

related to temperature,

Denotes static.

Denotes fore-aft or streamwise direction,

Denovies dircction croaswise to stream flow.
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SYMBOLS AND SUBSCRIPTS (Contd)

Denctes depthwise direction.

Denotes "effective® dimension.

Denotes free-stream properties.

Denctes a fore-aft or depth position in missile bay.
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1.0 SUMMARY

Approximately 30 combinations of missile bay configurations and candidate
Cruise Missile Carrier Aircraft (CMCA) were identified and studied. The
missile bay configurations were grouped into four categories related to
missile bay shapes and launch techniques. All but one (the conventional
bomb bay) represented new cavity configurations and flow conditions not
addressed by the available literature. It became necessary to evaluate the
oscillatory behavior of the "“unconventional" missile bays, using
inexpensive subscale models, to determine the applicability or degree of

inadequacy of existing cavity analysis methods.

Experiments were conducted using a wall-jet flow facility with a variety
of cylindrical and rectangular models of approximately 1/40 scale. These
experiments provided evidence that two different phenomena -- shear layer
oscillation and acoustic resonance within the cavity enclosure -~ combine
to cause cavity oscillation. Prior research has shown that vortices are
shed from the aperture upstream lip and propagate past the aperture, pro-
ducing travelling oscillatory pressure waves whose frequency increases with
flow Hach number. Acoustic resonance frequency within the cavity enclosure
is almost constant -- {t changes only as total temperature changes with
Mach number - a small change at subsonic speeds, Sustained cavity
oscillation occurs when the shear layer oscillation frequency coincides
with a cavity acoustic resonance frequency. Then the two reinforce each
other to cause oscillatory pressures that can easily exceed 170 dB (an rms

pressure of 132 pounds per square f{oot).

Nethods for estimating the shear layer oscillation frequency and the
acoustic resonance frequency were assembled and combined into analyti-
cal/graphical procedures for determining the Nach numbers where the two
coincide, This approach resulted in a method for predicting both cavity
oscillation frequency and critical Mach number, Graphical descriptions of
sound pressure level as a function of dynamic pressure and Mach number were
obtained from model tests representing various types of missile bays.
Means for rapidly predicting the oscillatory preasure levels f{n missile
bays were determined from the tests. Analytical expressions for the varia-




tion in sound pressure level over the length and/or depth of missile bays

were developed and verified in model tests.

From the large number of CMCA candidates identified, six significantly
different cases were analyzed. The cavity oscillation environment in each
of these six cases was predicted using the analysis methodology developed.
It was found that five of the cases would encounter discrete fluctuating
pressures at frequencies ranging from 5 to 50 Hertz, and at levels on the
order of 150 to 170 dB -- intense enough to cause structural damage.
Devices for modifying the shear layer over the aperture were identified for
these five cases and tested on subscale medels. Cavity oscillatory
pressure levels were reduced 10 to 30 dB with the devices selected, and
based on these results the cavity oscillation environments estimated for

the five "problem" CMCA cases were revised.

The quality and accuracy of cavity oscillation prediction analyses were en-
hanced as a result of this program. Further improvement is still needed.
Recommended subjects of future development work include: detailed experi-
mental investigation of the oscillating shear layer and interaction with
acoustic resonance pressure oscillations; refinement and implementation of
an acoustic finite element analysis method for quantifying acoustic
resonance frequency and mode shape in irregularly shaped enclosures;
optimizing suppression by locating spoilers so as to modify effective
apertutre lengths to mismatch frequencies of shear layer oscillation and

acoustic resonance,




2.0 INTRODUCTION

In studies of Cruise Missile deployment, one of the options under consid-
eration is to transport and launch the missiles using existing transport
airecraft that have been modified to provide this capability. While this
option has obvious advantages, the transport aircraft modified to the
Cruise Missile Carrier Aircraft (CMCA) configuration will be exposed to
harsh acoustical environments that have not been considered previously. In
this study the enviromnment of concern is cavity oscillation during missile
launch. The entire fuselage interior (or a fraction thereof) will be sub-
jected to the effects of high velocity flow past the launch aperture and
can experience intense fluctuating pressures at frequencies in the range of
5 to 50 Hertz, The cavity resonance problem has been investigated in depth
for the conventional bomb bay (the special case of a rectangular enclosure
having one entire wall open to stream flow and a length-to-depth ratio
usually greater than three). In the CMCA missile bays however, wide
variations in size and shape are likely, i.e,, the missile bay may be much
longer than the aperture; the aperture may be located anywhere along the
bay length; the length to depth ratio may be less than three; the missile
bay may open to the aperture via a “neck"™; the missile bay cross section
may be cylindrical, semicylindrical, rectangular, or even irregular,

Two arbitrary CMCA ooncepts are exemplified in Figure 1 to illustrate their
degree of departure from a conventional bomb bay (also shown). Very little
prior development work has been done on cavities representing the CMCA
variationa, so the character of cavity resonance in CHMCAs was unknown and
not predictable. Nevertheless, the potential for severe resonance and re-
sultant damage was olear, Thus, a aeed existed for analysis methods that
would afford preliminary estimates of the frequency, amplitude, and spatial
variation of the cavity oscillatory pressures. The effort described herein
was undertaken to develop those analysis methods.




3.0 TECHNICAL DISCUSSION

3.1 MISSILE BAY CONFIGURATIONS

For cruise missile carriers derived from aircraft already developed and in
service, the missile bay configurations are governed by two considerations:

the type of airframe; and the missile launch system.
Airframes can be classified as:

0 Cargo aircraft adaptations characterized by a low continuous floor,
high wing, and large internal volume,

o Passenger aircraft adaptations characterized by a high continuous

floor, low wing, and large internal volume.

0 Bomber aircraft adaptations characterized by an integral bomb bay
of limited volume,

Missile launch systems can be classified as:

o Carriage launchers fixed in position, translating missiles for
axial ejection through aft doors or tubes.

o Linear launchers fixed in position, translating missiles for ejec-
tion through bottom.

o Rotary launchers fixed or moved into position, rotating to eject
missiles through bottom or side.

A wide variety of candidate CHCA systems can be configured from combina-
tions of these various airframe and misaile launch systems. Hore than 30
were identified during the course cf this effort. From this collection,
six representative configurations were aselected for analysis. The six
analysis cases are shown in Figures ¢, 3, and 4, along with pertinent
descriptive data. In Section 3.8 the cavity oscillation prediction wmethods
developed herein are applied to theac six cases.




For the development of prediction methods, it was concluded that all likely
missile bay configurations could be grouped into the four simplified cavity
arrangements illustrated in Fighres 5 and 6. The bulk of the initial
experimental work therefore utilized models representing these four cavity

categories,

3.2 HISTORICAL HIGHLIGHTS

Some of the earliest investigations of cavity resonance were directed
toward quantifying the noise radiated away from cavities, with analytical
prediction techniques becoming available in the early 1960's. Inyestiga-
tions of aircraft cavity oscillation frequency and level were intensified
in the early 1950's for the B-47 and Canberra bombers and have continued at

a moderate pace to the present time.

In 1962, Plumblee, Gibson, and Lassiter (Reference 1) developed a method to
predict cavity response based on a strong mathematical tregtment, with re-
sults supported by model tests. They hypothesized that acoustic modes
within the cavity were driven by boundary-layer turbulence resulting in in-
tense pressure fluctuations. Subsequent efforts to apply the method of
Plumblee, et al. proved their method to be more applicable to what later
became defined as “deep™ cavities. Notably, though, the method provides a
way to calculate depthwise as well as lengthwise acoustic moges in a

rectangular enclosure having one entire wall open to high-speed flow.

In 1964, J, E. Rossiter (Reference 2) condbcted experiments that identified
the source of excitation as vortices shedding from the upstream edge of the
aperture. He formulated an onalytical expression for the cavity oscilla-
tion frequency that has been widely used for "shallow" cavities.

In 1970, Heller, Holmes, and Covert (Reference 3) modified and improved
Rossiter's formula to correct for the speed of sound in the cavities. 1In
1975, Smith and Shaw (Reference 4) formulated an empirical sound pressure
level prediction schene,
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Since theu, cavity oscillation problems in the bomb bays of aircraft such
as the F-111A and b-1 bombers and in miscellaneous weapons pods have led to
the undertaking of several related cavity noise investigations (References
5. 6, 7, and 8). By and large, those investigations were directed towaru
problems associated with rectangular, shallow cavity configurations. The
results of those investigations have been used extensively to define and
refine empirical methods for the prediction of sound pressure level and
frequency, One shortcoming of these methods was the inability to predict
the onset of cavity oscillation. Investigators using these prediciions
usually qualified their results with the words, "If an oscillation occurs,

it will be at the predicted frequency."

NASA-sponsored work has been done by Block, Heller, and Tam concerning,
among other things, the extention of Hossiter's work to predict cavity
oscillations below Mach 0.4 for cavities such as open lanaing gear wheel
wells., Considerable work on cavity oscillations has also been contributed
by the academic community, dealing with cavity oscillations in aerospace
vehicles, wind tunnel walls, and ships. Professor S. A, Elder (References
9 and 10) is currently conducting Navy-sponsored werk at the U.3. Naval
Academy .

in 1978, Rockwell and Naudascher (Heference 11) correlated the modes oOb-
tained by Rossiter in his original work (for L/D = 2) with the longitudinal
aeoustic resonance in Rossiter's cavity. They sssumed that wll six wolls
woere hard and neglected depth mode response. lImproved correlation is ob-
tained (and shown herein) when the modified Kossiter formula 13 uded in

conjunction with a more precise accounting of the acoustic resonances.
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3.3 APPROACH TO METHODS DEVELOPMENT

The literature applicahble to cavity oscillation was reviewed for data and
methodology useful in analyses and in alleviating or suppressing oscilla-
tion, A listing of the more noteworthy publications is in the Bibliog-
raphy, The subject matter of the literature reviewed encompassed full-
scale aircraft bomb bays, wing-mounted pod cavities, optical instrument
recesses in the surfaces of aircraft and missiles, scaled models, rec-
tangular cutouts in wind tunnels and water tables, slots and irregular
cutouts in wind tunnel walls, architectural acoustics, and musical in-
struments. The literature on cavity oscillation generally fell into either
of two groups: one dealing specifically with aircraft bomb bays; the other
dealing with more general cavities but exposed to low-velocity flow. Thus,
despite the range of subject matter evaluated, very little information was
found to be directly applicable to CMCA cavity oscillation analysis. Be-
cause of this disparity, the formulation of the CMCA cavity oscillation
prediction methodology relied heavily on subscale model tests,

3.4 TEST ARRANGEMENT

Primary considerations in the subscale model tests were low overall cost,
ease of configuration change, real-time processing of data on-line, and
direct observation of the cavity behavior,

3.4.1 Test Facility

The principal feature of the test facility was a semi-free oold air
rectangular jet nozzle with an integral flow plane, capable of continuous
operation at velocities exceeding Mach 1.2. . The overall arrangement is
shown in Figures 7 and 8.

A cylindrical plenum chamder was positioned upstream of the nozzle, with an
internal contraction cone to transition from a cylindrical to a rectangular
cross-section, A honheycomb section was positioned at the upstreaw end of
the contraction cone to straighten the flow er ering the nozile. The
supply line was dbrought into the plenum chamber through the side with a 90°




turn directing the flow back against the domed end, thus dispersing the
flow throughout the plenum before entry into the honeycomb., The nozzle
flow rate was governed by a manually controlled pneumatic regulator valve

in the supply line.

A flow-plane which contained the aperture was contiguous to one wall of the
nozzle and was mounted in a vertical plane, A flow fence made of heavy
aluminum tooling plate was positioned on each side of the aperture to form,
in conjunction with the flow-plane, a deep channel projecting downstream
from the nozzle exit, This channel arrangement constrained the flow on
three sides while allowing expansion and secondary air entrainment opposite
the aperture. It produced the effect of a divergent nozzle at the aperture
without having a wall opposite the aperture to reflect pressure fluctua-
tions or cause acousticv resonance effects. The aperture (or opening) in
the flow plane was located slightly downstream of the nozzle exit (see
Figure 7), The models were attached to the back side of the flow plane,
with their opening positioned over the flow-plane aperture (see Figure §).
Thus, the models were outside the flow to avoid physical interference with
the airstream. The velocity distribution across the aperture was con-
siderably improved over that available from a free-jet noz2le, as speed
over the pperture deviated lesas than one percent from the velocity at the
center of the aperture for all speeds below Mach 1.0. This is illustrated
in Figure 9 for a3 nominal flow velocity of Mach 0.87. The boundary layer
was examined at various speeds and locations to verify that the flow was
uniform. A velocity profile obtained at the upstream lip of the aperture
is also shown in Figure 9. The widith of the flow field over the aperture
~ was three times the aperture width. The depth of tha flow field over the
aperture was 1.3 tiwes the aperture length., The flou-plane thickness at
the aperture was 0,080 inch,

3.8,2 Sudbscale Models

In the preliminary experiments the scaled models were configured to repre-
sent the variations in the four categories of missile bays discussed in
paragraph 3.1. This was achieved with four basic model geometries: (1) A
cylindricsl croas section model (representing categories 1 and 2) with re-
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locatable end plugs and removable floors which provided variation in cavity
length, neck length, and aperture location upstream/downstream (see Figure
10); (2) a rectangular cross section model (representing categories 1 and
2) with relocatable end plugs, removable "ceiling" plugs and removable
spacers to vary cavity length, cavity depth, neck length, and aperture
location upstream/downstream (see Figure 10); (3) a cylindrical (tubular)
fuselage model mounted completely immersed in the noczle flow (representing
Category 3) with removable end fittings employing different aperture shapes
and locations to vary cavity length and flow direction relative t¢ the
aperture (see Figure 11); and (4) a narrow rectangular cross-section model
(representing Category U) with cavity width equal to aperture width and
with removable spacers available to vary cavity depth (see Figure 12). The
models were constructed either from 3/4 inch plywood, 1/2 inch plexiglass,
or rolled aluminum sheet, In every case checks were made to verify that

structural vibrations did not contribute to the oscillatory pressure

response of the models,

3.4.3 Data Acquisition

The instrumentation and the test procedures were tailored to define sound
pressure spectra inside the missile bays over a Mach range of 0.4 to 1.2

and a dyramic pressure range of 200 to 2000 psf,

Nicrophones (1/d4 inch) were located inside the models to 3sense pressure
fluatationsa. In some instances, 'he microphones were permanently fixed in
the models, For apatial surveys, the microphones were mounted in tubular
probes that 'were repositioned in discrete increments. The aicrophone
signals were saplified or attenuated o3 necessary for maxiamum signal-to-
noise ratio, using BAK Hodel 2603 microphone amplifiera. The microphone
data analyses were obtained on-line with Nicolet Scientific Corporation
Model 446A Fzat Fourier Transform computing analyzers and cospanion digital
plotters,

The cavity response and the properties of the flow were recorded at
stabilized flow conditions, The frequency response spectra waere con-
tinuously monitored on a scope display for on-line identification of




critical velocities where response changes and rcspons: mesima occurred.
Total head and static pressure senzors .=re mounted in the flowstream in
the vicinity of the aperture., A pitot-static survey over the aperture was
used to calibrate the fixed pressure probes to accurately indicate velocity
at the aperture. Flowstream tempurature was measured in the plenum up-
stream of the contraction nozzie, where the velocity was approximately 5%
¢ the velocity at the aperture and was never in excess of Mach 0.,065. An
alternate temperature measurement was made slightly downstream of the

aperture,

During initial calibration runs anu exploratory tests of the models, the
aradual changes in cavity oscillation frequency due to total temperature
change were seen to be quite .-+1l. The abrupt changes in frequency due to
mode change were also sometimes yuite small. Such small changes were con-
cealed in 1/3-octave freguency analyses. Multiple resonance peaks were
sometimes closely s- 2ed ana, iikewise, were not identifiable with
1/3-0ctave analyses, In full-scale aircraft cavity wark where the
frequencies might te on the order of % to 50 Hertz, 1/3-octave analyses may
suffice., In subscale model testing however, narrow-band spectrum analysis
is essential. Therefore, the plans to use 1/3-octave analyses for certain
vata processing and presentalions were abandoned in favor of narrowband
spectrum cnalyses. Digital spectrum analyzers were used that employed U400
linz resolution over the analysis range; wherehv un analysis from 0 to 5K
Hertz had a bandwidth of only 12.5 Hertz, 0 to 10X had 25 Hertz, ete.
Checks were maae to verify that the analysis bandwidth was always wider
than the cavity response peaks, to insure that the leva) indicated by the

analyzar at the peak was therefore the true level of the response.

The transition of the cavity oscillation from one ode to another was some-
times not detected unless Mach number (.low velocity) was changed in-very
small increments, s¢ as to reveal when one mode subsided and znother
emerged. It wuas therefore necessary to examine cavity response at small
increments of Mach No., or to continuously record the cavity response as
the velociiy was increased in order to identify the critical Mach number.

Both techniques were used throughout the experiments.

10
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3.5 EXPLORATORY TESTS

The icitial experiments were strustured to determine that the test setup
and tne subscale models provided satisfactory datz and agreement with
pubiicshed results, Six variations of rectanguiar cross-section missile
bays were tested, These mocels had aperture lengths of 1/2 foot. A
typical sut of sound pressure level response spectra for a range of Mach
numbers is shown in Figure 135. The frequincies of the response "peaks" for
six variavions are plotted in Figure 14. The pgeneral clustering of the
data in certain frequency ranges is similar to that reported by other

investigators,

3.5.1 <Cavity Oscillation

The solid lines in Figure t4 =how the cavity oscillation frequency versus
Mach number obtaiued with the wodified Kossiter equation (keference 3), for
the first 3 modai orders (NR = 1, 2, and 3). The mooified Russiter

equation is
U N - ]
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For moderuste cavity lengtheto-depth ratios and flow velocities above about
Haech 0.5, the appropriate values for the constants a, and Kv are 0.2% and
0.57 respectively. Uso 18 free-stream velocity; L I8 aperture length; N“
is modul integer (1, 2, 3 etol)) and N 1S freestream Mach number. 7The sub--
seript R denoting Kossiter has been added to avold confusion since these
symbols are also used in other equations herein. The cavity oscillation
(requency given by the Spee eyuation (Heferences 12 und 13) i3 also shown
in Figure 1 for the first 3 modal orders, The Spee equation is

. [ 20 rNSL'l _amiNL o
v ] v

where UC is shear loyer mean particle velocity, in this case taken Lo be

c

convection velocity which Hossiter suggested tu be 57 perzent of free-
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stteam velocity. While the Spee relation gave fair agreement with the data
in this comparison, it generally did not fit the data as well as the
Rossiter equation, The modified Rossiter equation was, therefore, pre-
ferred in subsequent data correlations., Figurs 14 also shows that the
cavity oscillation frequency may coincide roughly with any of the first
three modal orders given by the Rossiter equation. However, there is no
indication of the mode most likely to respond for a given cavity and flow
condition. There is also considerable scatter in the data. Thus, the
frequency of oscillation is not predicted accurately with the modified

Rossiter equation azlone.

A detailed study of the data revealed that over the velocity range where a
mode of cavity oscillation occurred, the frequency of oscillation often re-
mained nearly constant rather than increasing in accord with the Rossiter
equation, and generally coincided with one of the cavity acoustic

resonances through a broad speed range.

An illustration of this behavior is shown in Figure 15 for a rectangular
18" x 5,75" x 5.75" missile bay model, having a 1/2 inch neck with a one-
by-six inch aperture located at the downstream end of the cavity. The
shear layer oscillation frequency given by the Rossiter equation is shown
by the lines for NR = 1, 2, and 3. The fore/aft acoustic resonance
frequencies are shown by the lines for Nx = 1, 2, 3, 4, and 5. Complex
acoustic modes are shown for Nx z 1 through 6, and Nz = 1, The frequencies
at which strong cavity oscillation occurred were obtained from the spectra
of Figure 13 and are indicated by the solid symbols. Frequencles at which
weaker oscillation occurred (weaker but still clearly an oscillatory condi-
tion) are indicated by the open aymbols. From several such experiments, it
was concluded that the shear layer instability or oscillation frequency ine
oreases with Mach number approximately in accord with the modified Rossiter
equation, Howaver, in the absence of any reinforcement from acoustic
resonance, the shear layer oscillation is comparatively weak, At certain
velocities whin the shear layer oscillation frequency approaches a cavity
acoustic resonz:. - frequency, the shear layer oscillaticn sometimes "locks
on" that acoustic resonance. Throughout a definite velocity range, the
coupled shear layer/cavity oscillation occurs at the acousiic resonance

2




frequency. During this "lock on" condition, the shear layer oscillation is
reinferced and fluctuating pressures in the cavity become very intense.

Prior investigators have offered different descriptions of the mechanism
involved during this oscillatory condition. Some descriptions have dealt
with rlow turbulence, some with captive vortices in the cavity, some with
pure vortex shedding, some with fluid inflow/outflow, and some with re-
versed flow and forward propagating pressure disturbances within the
cavity. From the current tests, it is believed that any of the previously
described mechanisms can occur under the right circumstances. It is also
believed that in some cases more complex mechanisms are involved. It was
observed that strong oscillation occurred in cavity configurations where

none of the aforementioned mechanisms seem plausible.

Neither an experimental nor throretical study of the aperture hydrokinetics
was within the scope of this effort., The following rationalization is thus
based on the current experiments and observations of the behavior of a
variety of widely differing cavity configurations responding in many dif-

ferent resonant modes,

The vortices that are shed {rom the upstream edge of the aperture give rise
to comparatively -weak oscillatory pressure waves that convect downstream
over the aperture. The vortex convection velocity, hence wavelength, in-
creases with convected distance, As a result of the changing wavelength
over the aperture, a range of f{requencies is available to "look-onto®
cavity acoustic modes.

As the frequency of the convecting shear layer pressure wave nears the
frequency of an acoustic resonance in the cavity, the intensity of the
acoustic resonance standing pressure wave increases. At some frequency,
the standing wave reaches a level sufficient to "“regulate" (in an unknown
manner) the Shedding of the vortices, thus causing the shear layer pressure
oscillation frequency to coincide with the acoustic resonance f{requency.
At this time, the acoustic pressure increases the shear layer oscillatory
preasure, whicn in turn increases the acoustic pressure until the cavity
response quickiy reaches a stable but very intense level. As long as flow
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conditions are such that the acoustic resonance pressure wave can regulate

the shear layer oscillation, the process will be sustained.

During this condition where the shear layer pressure wave is reinforced to
very intense levels, the pressures impressed on the cavity volume can be-
come severely distorted. Such a distorted wave contains higher harmonics
of the wave frequency, and readily excites higher multiples of the cavity

resonance involved.

As Mach number increases, the vortex shedding rate and hence the frequency
of shear layer oscillation is maintained until a velocity is reached where
the acoustic resonance pressure waves can no longer regulate or control the
shear layer oscillation. At this velocity, the "locked-on" coundition
breaks down and the shear layer oscillation frequency reverts to the now
higher frequency as identified from the modified Rossiter equation. The
oscillatory pressure then immediately subsides to a relatively weak level,
Often however, a higher-order acoustic resonance within the cavity is
available that coincides with the nuw higher shear layer oscillation
frequency, wherein the shear layer oscillation simply "locks onto" another
acoustic resonance, Intense levels are then sustalned at another
frequency. In large missile bays with many acoustic resonances available,
the cavity oscillatory condition can exist at almost all speeds above about
Mach 0.4 by simply transitioning from one mode to another as flow condi-
tions change.

As a result of many experiments, it was concluded that the formulation of
missile bay analysis methods would first require a satisfactory means for
quantifying the cavity acoustic resonance frequencies. In addition to the
cavity acoustic modes, the Helmholtz mode is possible in certain classes of
cavities, Both are considered in the following sections.

3.5.2 Helmholtz Resonance

The Helmholtz mode of an enclosure with an aperture may be characterized as
a single degrec-of-freedom vibration system consisting of a spring and
mas3. The spring rate is determined by the elastic fluid in the enclosure
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volume, and the mass is determined by the portion of air defined by the
aperture/neck geometry. Part of the fluid at the entry and exit to the
neck moves in unison with the fluid within the neck to make up this mass.
An end correction to account for the extra mass has been investigated by
Alster (Reference 14) for the case of zero flow. However, the literature
offers very little for the case of parallel subsonic flow past the aper-
ture. Since some of the CMCA missile bays involve volumes with a well-
defined neck, the behavior of the Helmholtz mode was examined in experi-
ments. The test data contained clear evidence of the Helmholtz mode at
very low speeds. The frequency of the Helmholtz mode was found to be
lowest at zero velocity and increased as speed was increased. The response
level of the Helmholtz mode was observed to always decrease above a certain
flow velocity. Any evidence of the Helmholtz mode was gone at speeds well
below the lowest launch speed. A typical Helmholtz response behavior is
exemplified in Figure 16 for a missile-bay model containing a long neck
(representative of a through-the-floor launch configuration). The response
is very sharp at M = 0,09 through M = 0.12, but is harder to identify at
Mz0,24 and completely missing at M = 0.38. This type of behavior at low
Mach number was observed on most of the missile-bay models containing well-
defined necks, but it was increasingly more difficult to identify as nenk
lengths decreased to zero. AS a result of these tests and observations, it
is concluded that the Helmholtz resonance can be neglected in the speed
range of interest to CMCA analysts.

3.5.3 Cavity Acoustic Resonance

Acoustic resonances in a cavity are normal modes of vibration of the air
cocupying the cavity volume, and hereinafter are sometimes called acoustic
modes, or Simply "modes™. In a normal-mode vibration system, an infinite
number of resonant modes are possible. Any particular mode characterizes a
distinct spatial variation of the pressure in the air; likewise, a standing

wave characterizes an acoustic resonance.
To examine the connection between cavity cscillation freguency and cavity

acoustic resonance frequencies available, it was first necessary to
establish a means for determining the acoustic resonances. Two approaches
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are available: (1) the use of acoustic finite element methods and (2) the
use of the classical equations for standard shapes. The works of Craggs
(Reference 15), Wolf (Reference 16), and Petyt (Reference 17) have demon-
strated the feasibility of using acoustic finite element theory to =al-
culate resonance frequency and mode shape. While th: finite element method
is capable of handling any shape, its use requires a medium-capacity
high-speed computer and a large amount of input is needed to thoroughly
define the geometry of the missile bay. The classical approach is fast and
convenient when the missile bay is idealized with an equivalent rectangular
or cylindrical cross section. The frequencies and mode shapes are then
calculated for the idealized geometry using the classical equations avail-
able from any good text on acoustics (see, for example, P. M. Morse,
Reference 18). This idealization affords considerable saving in time, The
limited number of calculations required can be made quickly on a desk
calculator., Since virtually no lateral acoustic resonance participation
occurs, the lateral degrees of freedom may be neglected. The lengthwise
and depthwise modes can be readily determined once the characteristic
dimensions are known. The inexact nature of other aspects of the cavity
oscillation phenomenon tend to favor the use of the classical equations.

An investigation of missile-bay model resonance frequencies under flow
conditions (discussed subsequently) led to the conclusion that the
classical equations produced acceptable results. It was also concluded
that most CNCA missile-bay shapes could be reasonably represented by one of
the ideal shapes for which equations are available, This approach was,

therefore, used in this program.

For wide rectangular enclosures where the aperture open area ia amall
relative to the surrounding wall area, the cavity can be treated as fully
enclosed. The frequency is determined from:

2 2712
o clftY . (.’i&) @
2 ’K !2

where Nx and N_ are mode integers 0, 1, 2, 3, 4, etc. for the fore-aft
direction and the depthwise direction respectively, C is aspeed of sound
{n the cavity, and ix and fz are the cavity dimensions.
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For cylindrical enclosures with the diameter large in comparison to the

aperture width, acoustic resonance frequency is given by:

c N 2 a 27 1/2
f=— - + .ln_r.‘..
(z) + (%)
8 @

where Nx is mode integer 0, 1, 2, 3, 4, etc. for the fore-aft direction;
Omnis a mode-dependent coefficient tabulated below for the tangential and
radial mode integers, m denotes tangential modes and n denotes radial
modes; C is apeed of sound ir the cavity, and r is cylinder radius.

Values of an for cylindrical enclosures are :

n=0 n=1 n=2 n=3 n=4

m=0 0.0 1.22 2.3 324 4.4

m=1 S8 1,70 2.1 3.73 473

m =2 972 2.3 3.7 419 5.2
m=Jy 1.34 2,55 3.61 464 5,66
m=4 1.69 2,95 4.04 5,08 6.1
m=5 2.04 3.3 4.45 5.51 6.5
m=6 2,39 3.4 4,86 5.93 6.98
m=7 2.73 4,12 5.26 6.35 7.4
m=8 3.07 4.49 5.6 6.76 7.83

For semicylindrical enclosures, where the aperture open area can be
neglected, the acoustic modes are given by the same expression as for
cylinders. However, it should be noted that in semicylinders the
tangential resonance node lines will be located at specific angles relative
to the diametrical plane. and if the aperture is located at one of the

node lines, the corresponding weues will not occur.
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For conventional bomb bays, where the aperture opening constitutes one

entire wall of the enclosure, the uncorrected acoustic resonance frequency

N2 /N )2 1/2
f=£ . 5 BV P 4
) &
x z

is given by

(5)

where Nx is mode integer 0, 1, 2, 3, 4, etc. for the fore-aft direction and
Nz is odd mode integer 0, 1, 3, 5, 7, ete. for the depthwise direction. In
the fore-aft direction, the cavity responds as would ary other rectangular
enclosure. In the depth direction, the cavity responds in a manner very

similar to a one-end-open tibe.

However, conventioral bomb bays are usually shallow with length-to-depth
ratio (L/D) equal to three or more. They depart rather drastically from a
simple one-end-open tube. Even in a large CMCA with a missile bay of the
conventional type, L/D will likely equal two or more. In these csvities,
the effects of flow across the aperture make rather large "end" corrections
necessary to obtain agreement between theoretical and experimental depth
mode acoustic resonances. Plumblee et al., investigated depth mode response
(Reference 1) and developed a complex thecretical method that related depth
mode frequency to acoustical {mpedance at the aperture. The method appears
to work well for deep cavities but is less suitable for L/D of about two or
more. For a given set of aperture and cavity conditions, an approximution
can be obtained simply by relating the observed frequency to the theore-
tical frequency given by the equation for an open-end tube. The differw
ences between observed and calculated frequencies can be used to obtain a
depth dimension correction. The depth dimension correction shown in Figure
17 was obtained from East's work (Reference 19), However, the depth dimen-
sion corrections determined during exploratory tests of Category 4 conven-
tional bomd bays were found to differ somewhat from East's data. Based on
the results of these tests, a depth mode correction was developed which is
shown in Figure 18. This correction was determined from tests of six Cate-
gory U missile bays that responded in the depth mode. The Figure 18 depth
dimension correction i3 to be applied to all orders of the depthwise acous-
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tic resonances, as well as to the complex modes (fores/aft modes coupled
with depth modes). Equation 5 1is then modified to give the corrected

acoustic resonance frequency for conventional bomb bays:

N \2 N (2712
e=SH =] 4 [=
) - )
X 8

where [zeis the effective depthwise dimension, obtained from Figure 18.

)

The above equations were used to calculate the acoustic resonance
frequencies for selected missile-bay model configurations for static
(no-flow) conditions. The models were excited with small speakers to
measure the acoustic resonances, The measured resonance frequendies agreed
very closely with the theory. Similar close agreement between calculated
and measured frequencies was observed at flow velocities where the broad
band flow noise excited the cavity acoustic modes. This was particularly
true for the fore-aft modes, which often tend to influence the cavity
oscillation. At flow velocities above Mach 0.4 the measured enclosure
resonance frequencies deviated from the values calculated for zero flow,
due to changes in the speed of sound, C, in the air within the missile bay.
The properties for the air within the missile bay are the same as for f{ree
stream air that has been decelerated to zero velocity. Thus, the missile
bay air temperature is the same as the free stream total temperature T‘
(assuming dry air and no losses, or 100 percent recovery): whereby, the
speed of zound in the misaile bay is given approximately by:

¢ <gvin2s 49 )" 9

where Tt is {ree-stream total temperature {n degrees Rankine.

In CNCA cavity oscillation analyses, the parameters known from the flight
conditions are speed (Mach No.), altitude, and speed of sound in the
outside air at the asltitude. It is, therefore, convenient to relate the
speed of sound in the missile bay, C, to the speed of sourd in the ocutside
air, Cy , at the flight sltitude. The air within the missile bay has the
Same propsérties as outside static air that has been accelerated to the
sircraft forward speed, wheredy the teapeérature of the alr within the

4

19




missile bay is given by total temperature Tt’ Thus:

Y=1 ,,2

where Ts is static temperature of the outside air at the altitude in

t
question., Then, assuming polytropic compression of dry air for which the
ratio of specific heats, ¥ = 1.395, the speed of sound in the missile bay

is given approximately by
9
C = 49 [Tst (l+.2M2)] V2 9

And since the dpeed of sound in the outside air is
1/2
Caom 49 (1) (0)
the speed of sound in the cavity becomes

C = Cooli+.2M) /2 ()

The acoustic resonance frequencies in the selected missile bay models were
then calculated using the speed of sound in the model, and were found to
agree very well with wmeasured data. Figure 19 shows a cowmparison of
calaulated and weasured lengthwise reaonance frequencies at Mach 0.9, where
the broadband flow noise was exciting the fore-aft acoustic modes. In this
spectrut analysis from 0 to 2000 Hertz, the first 12 orders are evident and
the measured and calculated frequencies agree very well,

3.6 CMCA MISSILE BAY HMODEL TESTS

The general oscillatory behavior of large cavities (large relative to the
aperturc area) was investigated in the exploratory teats, Those tests pro-
vided the information and direction needed to deteramine the format of the
prediction/analysis methods. CMCA models representing candidate misaile-
bay configurations were then tested to obtain the data needed to reinforce
the ftrequency analysis sethods and, more importantly, to provide addi-
tional oscillatory sound pressure level data applicable to C(MCA missile
bays. These SPL data, in combination with some of the expioratory test
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data, served to establish empirical relations for describing SPL dependency
on dynamic pressure, Mach number, and configuraticn for describing sound
pressure spatial variation, and for determining oscillatory mode priority,
distortion effects, and broadband noise level.

Six small inexpensive models were configured and tested that} represented
the six CHCA cases selected for analysis in Section 3.1. Response spectra
were obtained over the Mach range of 0.4 to 1.2. Sample spectra are in-
cluded and discussed herein.

CMCA Caae 1 - This was a long model, fully cylindrical in cross section.
No floor, ceiling, or miasile payload was simulated. The miasile bay or
cavity was 23.2 inches long streamwise and £.4 inches in dismeter, The
cavity end bulkheads were flav, pat-2llel, and normal to the centerline; the
centerline was parallel to the aperture ond the stream flow. The aperture
was six inches long astreamwise, one inch wide and 0.080 inch deep. The
gperture downstream edge coincided with tha cavity downstream end bulkhead.

Sound pressure level spectra at increments of Mach number are shown in
Figure 20. The microphone was located at the downstream bulkhead, on the
wall opposite the aperture.

CHCA Case 2 - This was a long model, square {n cross-section, It included
8 full-length simulated floor that resulted {n a "neok" betueen the aper-
ture and the cavity. There was no misaile payload. The cavity was 23,2
inches long streamwise, 5.79 inches wide, and 5.75 {nches deep, The end
bulkheads vere flat, parallel, and normal to the centerline; the centerline
was parallel to the apsrture and the stream flow., The aperture was six
fnches long streamiize and one inah wide. The neck was 1.39 inches deep.
The aperture downstream edge and the neck downstream wall were aligned with
the cavity end bulkhead.

Sound pressure level spectra at increments of Nach nuaber are shown in
Figure 21, The microphone was located at the downstream bulkhead on the
celling opposite the aperture.
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CHMCA Case 3 ~ This model was 2 minimum length variation of Case 1; fully
cylindrical in cross sectior, No floor, ceiling, or missile payload was
simulated, The cavity was six inches long streamwise (same length as the
aperture) and 5.4 inches in diameter. In all other respects, the model
was identical to Case 1.

Sound pressure level spectra at increments of Mach number are shown in
Figure 22.

CMCA Case 4 -~ This model was a minimum length variation of Case 2; square
in cross section, and included a full-length simulated flcoor that resulted
in a neck between the aperture and the cavity. There was no missile
payload. The cavity was six inches long streamwise (same as the aperture),
5.75 inches wide, and 5.75 inches deep. 1In all other respects, the model
was identical to Case 2.

Sound pressure level spectra at increments of Mach number are shown in
Figure 23.

CMCA Case 5 - This was a long model, fully cylindrical in cross-section.
No filcor, cefling, or missile payload wes simulated. The model represented
an aft-opening, rearward-ejection-launch type of missile bay. The end
opening was a skewed cut through the cylinder. An elliptical aperture
resulted, The entire model was immersed in the flow atream. The cavity
centerline was parallel to the stream flow, and the plane of the aperture
was at about 20 degrees to the centerline. The cavity was 5.57 inches long
at the shortest point on the circumference of the slanted opening, and 8,47
inches at the longest point. It was 0.85 inch in diameter, with 0,080 inch
wall thickneas,

Sound pressure level spe~tra at incrementa of Mach number are shown in
Figure 24. The microphone was located at the upstream bulkhead on the

cavity centerline,

CHCA Cese 6 - This was s conventional bomb-bay type of cavity. The cross
section was rectangular, the length-to-depth watio was 2,0. VThe cavity and
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aperture were six inches long and one inch wide. The end opulkheads were
normal to the aperture; the aperture and opposite wall were parallel to the

stream fiow, There was no missile payload,

Sound pressure level spectra at increments of Mach number are shown in
Figure 25. The microphone was located at the downstream bulkhead on the

wall opposite the aperture centeriine.

3.7 DEVELOPMENT OF PREDICTION METHODS

3.7.1 Missile Bay Oscillation Frequency

As discussed in section 3.5.1, cavity oscillation may be elther the result
of a shear layer ianstability oscillation that exists independent of any
acoustic resonance within the missile bay or, more likely, it may be the
result of a shear layer oscillation driving & missile bay ascoustic reson-
ance wherein the acoustic resonunce sound pressures ruyulute or control the
shear layer instability freguency. Analytical relations for the freguency
of tue shear layer oscillation and the {requency of the missily buy ascous-

tic resonances are discussed in secetions 3.5.1 and 3.5.3.

The frequency of whe sheur layer pressure osclllastion in tertws ol Hach
number i3 given by Eguation 1), wherety
fn_sMC“ NR“-ﬁ ' '_‘:‘
-1
L[ masamd 2 e00s

The expressiong (bquations 3, 4, and 6) for &co.stsc resonance trequeticy
vary slightiy, depending on missile bav type and/or shape. In the interest
of simplifying the use of thede eguations in predictions, it is advaotu-

geous Lo standarsize to a single exprension of the {urs

Nx2 F2 1/2
-4 g_ - oy i
N W A ’
X F

where lateral acoudtic modes have been neglected., For reclanguioer wissi.e

0, 3, 2. 3, ete.; for cy.indriva. ahd setivyiindr.ia.
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wissile bays, F = Q e 3 definedq in sertinon 3 5 %: for conventionali boub
Da¥YL (ChE €LLire wasi opel,, o= “z"ize WLLIL I, 3 vy by 3, 2. [y etc,, 0da
integers only., Since speed of sound in the free stream, Cw , is more
readily available than speed of sound in the missile bay, C, the acoustic

resonance frequeancy in terus of free-stream speea of sound is (combining

N2 g2, V2
f2 Soqead2 {0 | (14)
2 )2 g2
x F

with equations 1, ana (14, the fregquencies of the shear layer pressure
oscillation and the various acoustic resconance modes in a missile bay can
be calculated and plotted as a function of Mach number on a single plot at
was done in Figure 15. The intersections of the shear layer oscillation
curves with the acoustic resonance curves identify the possible frequencies

of oscillation, and vhe corresponding Mach number.

pecause C, 1s altitude-dependent, it becomes necessary to repeat the
entire process at every altitude of interest. Also, there can be many
acoustic resonances available in some missile bays. As a result, the curve
plotting process and the identification of curve intersections can become
extremely burdensome. It is, therefore, advantageous to normalize the fre-
quency expressions in terms of Strouhal number and to make certain defi-
nitions and substitutions which simplify the calculations. The modified
Rossiter equation for shear layer osciliation in terms of Strouhal number

1S,
N_ - .25
5 = R : (i5)

Ma+2MY" 2 4 175

The missile bgy acoustic resonance (rezognizing that S = fL /U, and C =U/M) in
terms of Strouhal number is:

L (1+.2M3) /2 Nf g2\ 12

§$= , — o — .
27 2 (16)
M Ix PF
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By definition, let (1+.2M )V2 H; (17)

L L
- =¢q; — =b; (18)
7 !
[ F
whereby Nxz £2 \1/2 ( a?N 2 + b2F )‘/2
Xy =) = ; (19)
2 2 {
?x P!“ Lx
and let ( N, 2, b2F )‘/2 . (20)

Then by substitution the modified Rossiter equation for shear layer cscillation in
terms of Strouhal number is:

R"'oﬁ

M
-_— 1,
" 1.75

@

S=

and the missile bay acoustic resonance in terms of Strouhal number is:

GH
S= M . (22)

By using equations 21 and 22, shear layer oscillation modes and acoustic

resonance modes have been calculated for a representative missile bay model

. and are shown in Figure 26. This example is for a cylindrical missile bay

lét ge in. comparison to aperture length, wherein a number of intersections
occur, as denoted by encirclements. This same medel was tested with and

- without & fuselage floor. Strong well-defined cavity osciilations are

identified by the data symbols and corresponding SPLs in Figures 27 and 28.
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Iv is seen that when sustained cavity oscillation occurs, the measured

Strouhal number tracks the calculated acoustic mode Strouhal number, and as

speed increases the cavity oscillation snifts as the shear layer oscilla-

tion Strouhal curve comes into the proximity of dift'erent acoustic wmodes,

e T S T T, O P S N RPN

At the intersections of the Strouhal curves for shear iayer oscillation and

L e

acoustic resonance, i.e. where the two frequencies coincide,

Ne-.s5  Gh (23)

R _ o

M
(..ﬁ-) +175 M,

8

where subscript "i" denotes intersection. By algebraic manipulation,

H 2(NR-.25)-G (24)
M ; 1.75G

This is a useful interim form, in that Lhe quantity (H/‘N)1 involves only

3 K- the intersection Mach number, and the right side involves only the
'ij%: 3 dimensional and modal-order parameters relating Lo shear layer and acoustic

resonance frequencies, Siuce, by definition,

E ) 21/2 2 2
E H (1+.2M HY _ 1+2M
= + " = - (25)

13 . - ’

P M M M m2

and by further manipulation, the intersection Mach number is

P w1V
5 Molim), 2 |
, : From equation 22, the Strouhal numbor where intersection occurs is:
G (H
S‘ =3 ('&;)i 27
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A value of G can be calculated from Equation 20 for each acoustic resconance
mode in the missile bay, and substituted into Equation 24 to obtain a value
of (H/M)i for easch intersection of the shear layer oscillation curves
(NR = 1,2,3, etc,) and the acoustic resonance mode curves., The values of
(H/M)i thus obtained are then substituted intc Equation 26 to yield the
Mach number at which each intersection occurs. The corresponding Strouhal
number at which an intergection occurs is obtained from Equation 27. As a
convenience to aid in these calculations, values of Mi and Si may be
obtained directly from Figures 29 and 30 for Machr numbers up to 2.0, shear
layer modes up to the 5th oraer, and G values up to 4.0.

The values of Mi and Si for each potential cavity oscillatory condition
(each intersection) have been considered independently of altitude., The
frequency 1in cycles per second commensurate with each intersection is
deterunined from
SuU SiMicm GHC o
== "2 (28)

Values of Ce are obtained from standard atmospheric tables,

In the exploratory tests, it was observed that cavity oscillation often
began at Mach numbers less than Mi and as speed increased, oscillation
continued beyond Ni' A study was conducted to determine the range (on
either side of the intersection Mach number) over which sustained cavity
oscillation occurred. From this study of scaled modul test data, empirical
expressions were developed that defined the onset and termination of cavity
oscillation in terms of Strouhal number and Mach number. The expressions
are as follows, where subsoript "o" denotes onset of oscillation and "t®

denotes termination:
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S, 5 +.25 [NR(HM;)} (29)
452 -1/2
-2 (30)
M =
o (32
_ -1/2
S, =5, - .2 [N (om) ] )
4s? 172
M = - .2 (32)

3.7.2 Oscillation Mode Priority

The prediction methodology presented herein ylelds many "intersections®,
and each identifies a potential condition of cavity oscillation. However,
from the wodel tests and from full-scale aircraft experience, it is clear
that when many modes are possible certain modes of ocavity oscillation ocour
more readily than others., The identification of the “"preferred® cavity
oscillation condition i3 made according to the following hierarchy,

28




Shear layer pressure oscillation mode priority:

Priority Mode
A NR=
B NR:1
C NR=3
D NR:“

Acoustic mode priority in conventional bomb bays:

lst O.O.Nz
2nd Nx.O.Nz
3rd NX.O.O

Acoustic mode priority in rectangular misile bays:

lst NX.O’NZ
and Nx.0.0
3rd O.O.Nz

Acoustic mode priority in coylindrical and semicylindrical missile
bays:

lst N‘.0.0

2nd Hx.m.n

Examine each shear layer oscillation frequency curve tor intersections with
acoustic mode curves, and assign to each intersection a letter-number
priority wherein the letter denotes shear layer mode priority and the num-
ber denotes acoustic mode priority. In those Mach ranges where wmore than
one intercept exists, the preferred cavity oscillation condition is the one
of highest priority. The shear layer mode priority is given preference
over acoustic mode priority.
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3.7.3 Distortion

When sustained cavity oscillation occurs, there is often a stroug response
of higher-order acoustic modes; modes that are an even integer higher than
the principal mode being driven by the shear layer oscillétion. This is
evident in the model test data cited previously, Figures 7 and 28. 1In
Figure 28 for example, at Mach 0.8 the second-order shear layer osecillation
is driving the fourth-order, fore-aft acoustic mode at 1275 Hertz, and the
cavity is also responding at 2550, 3825, 5100, and 637% Hertz; the second,
third, and fourth multiples of the 4,0,0 acoustic mode. These responses
cannot be attributed to higher-order shear layer excitation, because the
higher-order shear layer frequencies are not exact integer multiples of the
second-order mode that is driving the cavity, Instead, Lhe strong re-
sponses of the higher-order acoustic modes are attributed to distortion. A
typical example of severe distortion of the pressures at the downstream
wall is shown in Figure 31. The cavity pressures exhibit a "saw toothed"
wave shape during one half-cycle anu a "flattening" or "clipping® during
the other half-cycle. A second example sliows the absence of severe
distortion near a node plane where the pressures are lower, As is known
from Fourier analysis, o distorted periodic wave coatains higher haruwonics
of the fundamental frequency. A diste*ted periodic pressure lmpressed on
the cavity readily excites higher multiples of the cavity acoustic mode
involved in regulating the shear laysr oscillation. The higher frequency
“spikes™ visible on the wave in Figure 31 are the higher-order mode
pressures that the microphone sensed abt that location. The cavity spectral
analyses are shown in Figure 32. At Mach . 8) it is seen that the principal
mode is at 1275 Hertz, «nd the .econd, th;rd. fourth, fifth, sixth, and
seventh multiples of 129 Hertz are respowiing atrongly due to distortion
excitation. These higher multiples are varified as being genuine acoustic
modal responses by tiwe pressure distritutions shown in Figures 33, 34, and
35. There it is seer that the pressure distributions in the cavity at both
the low and high froquencies are consistant with the corresponding acoustic
wodes, In Figures 33 aand 34, the pressure distributions show weak
response {about 4% dB) of the first, second, and third-order acoustic
modes and strong response (sbout 165 dbB) of the fourth-order acoustic mode.

In each case a theoretical cosine curve is plotted with the curve peaks




scaled to the maximum level of the measured data. Clearly, the trend of
each data set follows the theoretical cosine variation for the mode
represented. At 2550 Hertz, the second muitiple of the principal mode, the
pressure distributions are seen in Figure 35 to agree quite well with the
eighth order cosine curve, indicating that there is, in fact, an eighth
order acoustic mode responding. At 3825 Hertz the twelfth order mode is not
verified, but neither is it refuted due to an inadequate number of survey
points. Obviously, an inordinate number of measurements would be required

to identify these high multiples of the principal mode.

Distortion induced response was observed in a number of the subscale model
tests, usually when cavity sound pressure levels exceeded 155 to 160 dB and
invariably when the level exceeded 165 dB. However, resources did not
permit sufficient study to develop reliable techniques for precisely
predicting either the occurrence or level of these distortion induced
modes., As a guide, one can expect distortion-induced higher-order modes to
occur at Mach numbers above ,65 when the cavity oscillation level at the
principal mode exceeds 160 dB. Expect the second, third, and fourth
multiples of the principal mode to be sbout the same level as the principsl
mode, Expect the fifth multiple and above to decrease about three dB per
multiple. Generally, if levels are severe enough to result in distortion=
induced response, the levels will be intolerable and alleviation will be

required.

3.7.4 Correlations With Prior Experiments

The ocavity osecillation frequency prediction methodology was applied to
conventional bomb-bay-type cavities, both deep and shallow, for which test
data were available in the literature, Some of the results of Rossiter's
work (Reference 2) are shown in Figures 36, 37, and 38 to illustrate the
coupling of shear layer modes with acoustic modes. In Figure 36, Sthe first
five acoustic modes calculated for Rossiter's deep cavity (L/D = 1) are
shown as solid lines. The first six mcdes of the shear layer oscillation
(as given by the modified Rossister eqguation) are shown by dashed lines.
The 30lid symbols denote cavity oscillation that Rossiter observed.
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The depth mode (0,0,1) is seen to be low enocugh to couple strongly with the
first "Rossiter" mode. When the second "Rossiter" mode coupled with the
first complex streamwise/depth acoustic mode (1,0,1) at about M = 0.9, the
first "Rossiter" mode subsided. Calculated modes and test results are
shown in Figure 37 for an intermediate depth (L/D = 2). In this case, the
first complex acoustic mode (1,0,1) coupled with the third "Rossiter" mode
near M = 0.55, and with the second “Rossiter" mode near W = 0.8. Note
also that concurrent with the coupled shear layer/acoustic mode oscilla-
tion, there was pure shear layer oscillation as indicated by the open
symbols. In Figure 38, which is for a very shallow cavity (L/D = 8), the
first depthwise acoustic resonance fregquency was so high it was completely
out of consideration for shear layer coupling. Only the first two fore-aft
acoustic modes are within the range of interest, and there was no evidence
of coupling of the shear layer oscillation with these acoustic modes.
Here, only pure shear layer oscillation occurred. It is also interesting
that, in the L/D = 8 case, Rossiter's data showed that where there was no
apparent acoustical coupling, the sound pressure level was significantly
reduced from the SPL produced in the deeper cavities. This was true de-
spite the fact that, with decreasing cavivy depth, the transducer used to
measure sound pressures was located inherently closer to the oscillating
shear layer,

3.7.5 Sound Pressure Leve)l Prediction

Sound pressure level prediction methods were developed empirically from the
test results for 10 subscale models that were tested with variations on
aperture position ang neck length., The oscillatory sound pressure levels
were normalized to dynamic pressure, q, and plotted against Mach number for
each test as illustrated in the composite plot in Figure 39. "Best-fit"
curves were constructed through the maxima on such composite plots. These
best~fit curves were then grouped vogether according to type of missile bay
configuration such as cylindrical enclosed, rectangular enclosed, and
rectangular with one wall open, Straight-line envelopes were fitted to
these groups of best-fit curves and are shown in Figures 40, 41, and u2.
Such envelopes were arranged to reflect conscrvative estimates of the

normalized fluctuating pressure level; they are conservative in that most




of the cavity oscillation levels did not exceed these envelopes. Also, it
is expected that subscale models with clean, smwooth, hard walls would
exhibit slightly higher levels than would a full-scale aircraft having
irregular, cluttered interior surfaces. Each envelope can be represented
by an equation as indicated in Figures 40, 41, and 42, to facilitate cal-
culation of level, These curves and equations yield the level only at the

intersection Mach number, M,. For preliminary design estimates, it would

probably be prudent to us; the intersection level throughout the speed
range in which a particular cavity oscillatioun mode is sustzined. However,
an empirjcally developed approximation of the lavel behavior on either side
of the intersection Mach number is shown in Figure 43 and mzy be used for

estimating missile bay environments as a function of launch speed.

The values of 20 log P/q obtained from Figures 40, 41, and 42 are dependent
on speed and ajltitude. Sound pressure levels (dB referenced to 2.9006 x

10'9 psi) are obtained from

SPL =20 log P/q +171 +20 log q 33)

2,2 . .
wheve 3 - “M7C / 2 in pounds per square inca. Values of ? and C_
are obtained f(rom standard atmospheric tables, or q may ove obuained

directly from a reference plot such 2s shown in Figure 4, The cavity
oscillation sound pressure level thus obtsined {s a discrete frequency

level, as discussed in section 3,4.3.

3.7.6 Sound Pressure Spatial Variaticn

The sound pressure level spatiasl distributions were investigated by cone
ducting pressure surveys for the various response modes within the subscale
model missile bays. Exumples are shown in Figures 33 through 35 for a
Category 1 missile bay where, in addition to the principal mode response,
distortion was driving higher multiples of the principal mode. The missile
bay was surveyed at Mach 0.81 and the principal mode was at 1275 Hertz, as
shown by the specira in Figure 32. The fourth-order fore-aft acoustic
resonsnce was being driven by the second-order shear layer oscillation,
The theoretical cozine curves shown ia Figure 34 descend to zero at the

nodes, but the measured data descend only to the broadband noise floor,
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which a&verages around 135 dB in the 25 Hertz analysis bandwidth. The
broadband noise aiso adds to the level of the oscillation to some extent on
either side of the mecdex. This has the effect of flattening the sound

pressure distribution curve,

In Figure 28, a different oscillatory condition is seen at Mach 0.71.
There, the second-order shear layer oscillation is driving the third-order
fore-aft acoustic resonance, The spectrum snalysis in Figure 32 shows this
principal mode to be at 475 Hertz. As was the case at Mach 0.81, the
spectrum analysis aiso shows strong response at a higher multiple of the
principal mode, in this case 1950 Hertz, twice the principal mode fre-
quency. Sound pressure suryeys f th2 Hach 3.7 osci:ietory coundition are
shown in Figures 45 through 48. The first- and second-order fore-aft
acoustic modes are shown in Figure 45 to be responding weakly (about 145 dB
maximum). The principal mode (3,0,0 responding 2v about 165 ub waximum) is
shown in Figure 46, along with weak response {abcut 45 I3 maximum) of the
(4,0,0) mode. The measured frequencies are accurate to = 12.5 Hertz (since
the analysis bandwidth in this case was 25 Hertz) and ayree very well with
the caloulated frequencies shown in Figure 26. The calculated frequencies
for the 2,1,0 and the 5,0.0 modes are nearly equal (1580 and 1583 Hertz re-
spectfully from Figure 26) and both, though weak at 14% dB maxmium, are
discernible in the Figure 47 survey for 1600 Hertz, The 3,1,0 wmode cal-
culated to be 1731 Hertz is weak, but also evident in the Figure 47 survey
for 1775 Hertz, The Figure 48 survey for 1950 Hertz is most interesting.
It clearly shows strong response (159 dB maximum) of a fourtb-order fore.-
aft acoustic mode. However, the pure fourth-order fore-aft mode would be
expected at about 1300 Hertz, not 1950, This is seen in Figure 26 to be
the 4,1,0 mode which was caloulated as 1923 Hertz. This response [frequency
is the second multiple of the prineipal mode, evidenced by the Figure 32
spectra, but note in Figure 28 that neither of the “Hossiter" curves coin-
cide with this rosponse mode. This response is induced by distortion at
the 975 Hertz frequency. However, in this instance, the distortion excites
a complex mode, the 4,1,0, rather than the 6,0,0, the second multiple of
the principal mode. A final pressure distribution survey is shown In
Figure 48 for the 7,0,0 mode responding at 2250 Hertz, The 7,0,0 node,
which has 7 minima and 8§ maxima, is weak (about 144 db) but is still
discernible,
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These pressure distribution surveys clearly show the acoustic modal par-
ticipation in the cavity response, They also show that the spatial vari-
ation of the measured pressures agrees well with the theoretical cosine
curve distribution when the cosine curve is scaled to the maximum SPL., As
is always the case, the levels near the nodes are influenced by broacdband

noise, and this must be taken into account,

In cavity oscillations involving depthwise acoustic resonancsa, the
oscillatory sound presgures were always a maximum at the wall opposite zhe
aperture, and decreased predictably toward the aperture. All depthwise
surveys were for cases jinvolving first-order depth wode response.
fesources did not permit investigations of higher-order depth mode
responses, but such apatial distributions would logically be expected to
follow the classical wave shape, as does the first-order mode. The rnode
locations in depthwise pressure distributions are based oun the "effective®

depth determined from Figure 18 and not the geometric depth.

based on these surveys and observations, empirical expressions were
developed for predicting the spatial variation of uvhe sound pressures on

the cavity wall surfaces, for the principal mode of cavity cosaillation.

In the fore-aft dirgetion, the sound pressure variation alony the wall

opposite the aperture is given by:

: = - ! ‘. € ,
SP\hx SPLB +[SPLmox SPLa}{ cos (Nx“‘;‘)!} (34)

where
n = f—, nondimensional fore-aft pasition; fraction of cavity length,

S!’l.B s‘:Br(mn:!bm\d sound prassure spectrum level, dBr, at the wall cpposite the
aperture, on the end buikhead.

SPLmox = Osciliatory sound pressure level ot the end bulkhead on the wall
opposite the operture,

Nx = Fore-aft acoustic mode integer; 1, 2, 3, etc.
e 2
$= L AL
max 8
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Equation 34 is valid for any enclosed rectangular, cylindrical, and s mi-
cylindrical wissile bay and for conventional bomb bays. For pure fore-aft
nodes (no depth mode response) the fore-aft pressure variation is the same
at any depth, but the broadband level used in the equation must be for the
applicable depth. Fore-aft sound pressure distributions were calculated
using Equation 34 for comparison with the theoretical cosine curve and to
show the limiting effect of the broadband noise, The comparison is shown
in Figure 49. The two cases considered are the principal modes of response

in the 21-inch-long cylindrical missile bay at Mach 0.71 and 0.81.

In the depthwise direction, the sound pressure variation on the end
bulkhead in enalosed rectangu.ar misile bays is given by the sane

expression, with the subscripts redefined to denole the depth directions,

e.5:8

\ < (35)
SPL, =SPLg+ fsm o SPLB] [ Cos (Nzn«'\z)l]

-4
Z R . . . . R
: e nondimensional depthwise pasition; fraction of cavity depth.
Nz = depth ctoustic mode integer; 1, 2, 3, e'c,

S?LB = broadbond sound pressure level, dSr, at ?\z

In conventional bomb-bay cavities, the depthwise sound pressure varlation

at the end bulkhead {s given by:

Nr(len ) 8
£ ‘] (36)

4
spg\ [m + SPL x“SPLsJ[c“ ;

where t
Nz = depth acoustic mode integer; 1, 3, 5, 7, etc.

Por pure depth modes (no fore-aft wode response), the depthwise pressure
variations given by Equations 35 and 36 are the same at any fore-aft
position in the missile bay, but the broadbane noise level used in the

equations must be for the proper depth and fore-aft position.
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The expressions for depthwise SPL variation in enclosed cylindrical and
semi-cylindrical missile bays are more complex and were not developed,
because the principal response mode in such missile bays will rarely
involve tangential and radial medes. The radial frequencies are too high
to be driven by the probable shear layer oscillation. The tangential modes
are highly damped and will normally not be excited.

When the cavity oscillation involves combined fore-aft and depth mode re-
sponse (complex modes), the pressure variation at the surface will still be
as given by Equations 34, 35, and 36, However, to obtain pressure varia-
tions at points within the interior volume (away from the surfaces), the
fore-aft and depth mode equations must be combined. while not overly
difficult, the equations are cumbersome and were not developed here, since
the level of a complex mode at any “interior® point in « cavity will always
be less than the level near the suriace. In preliminary analyses, the max-
imum levels should be of primary conéern. An i{llustration of complex mode

pressure variation within an enclosure can be found in Reference 20.

3.7.7 bBroadband Noise

In the subscale model tests, it was observed that the broadband noise level
did not vory substantislly among missile-bay categories one, two, and four,
The single wost important perameter was microphone location relative to the
aperture dounstream edge. Nermalized bdroadband noise level near the down-
stream edge of the aperture is shown in Figure 50 as a function of Strouhal
number, where the characteristic dimension is the aperture length. For
locations more remote irom the aperture, the broadband nolse levels will be
lower. To account for this, Figure %1 wa3 constructed from the test data
to perait cmpirical correctiona of tha Figure 50 levals,

Bioadband noise data were obtained from spectrum analyses for each missile-
bay wmodel tested. However, when nornalized to dynamic pressure and plotted
as a function of Strouhal number, the data did not collapse to a single
band or cluater. The jmplisation is that broadband level in the cavity is
not directly dependsnt on q. Instead, the level at low Mach number is

higher than the dynamic pressure warrants and is being influenced by other
‘ ?

kY]




sources such as upstream flow noise, valve noise, ete.,, or, at the high
Mach numbers the subscale models and flow facility provided unusually clean
flow at the aperture that resulted in low broadband noise in the missiie
bay. A comparison with published data for full-scale aircraft and “or wind
tunnel tests of subscale models revealed that the published broadband noise
levels generally equaled or exceeded the levels measured here. This raised
the suspicion that the published data might also bt contaminated by
extraneous sources, which is not unlikely when one recognizes that the wind
tunnels and the full-scale aircraft both involve intense extraneous sources
that could radiate noise into the cavity. This suspicion precluded the use
here of the published broadband noise data, since ine objective is to
predict the broadband noise level due solely to the flow over, or into, the
cavity., (The user must "add in" the extraneous noise from his particular
engines, airframe structure, aperture doors, etc. to arrive at the most
realistic prediction of his environment.) The presently measured broadband
noise levels are therefore presented and are considera:d adequate since the
broadband noise is of sevondary importance compared to the discrete levcls

that exist during cavity oscillation,

3.7.8 Clutter Effects

A full complement of cruise missiles could be expected to displace as much
as one-half of the air in the missile bay, or block up to one~nalf of the
cross sectional area, depending on the configuration, The missiles might
also be expected to disperse the sound waves and decrease the strength of
the sound pressures at resonance. A missile positioned over the aperture
might be expected to decrease the efficiency of the shear layer excitation
of the cavity acoustic resonances. However, experimental investigations did

not always substantiate these expectations,

The photo in Figure 52 illustrates an extreme case of clutter in a short,
rectangular missile bay model, The sound pressure spectra in Figure 52
show the effect of the missiles on oscillatory response, The SPL is de-
creased about 5 dB, and the response frequency is decreased about 13 per«
cent. In Figure 53, the photo illustrates the case of missiles positioned

very near the aperture but not interfering with the flow., The companlon




response sp:ctra show a 10 9B reduction in SPL and a 10 percent reduction

in oscillatory frequency.

The reduction in frequency is consistent with Parker's observations
(Reference 21) in his experiments related to acoustic resonances in heat
exchangers, The presence of the clutter (missiles) reduces the speed of
sound in the missile bay, thus reducing the acoustic mode frequencies. The
reduction in sound pressure ‘level is attributable to scattering and

damping.

These affects on SPL and frequency are significant. The frequency change
is particularly important, since a lower frequency can result in a lower
speed (Mach number) at which the oscillation occurs. Whether or not
oscillation will occur at any given speed is, therefore, influenced by the
missile payload on board. In a CMCA, the significance of clutter and/or
partial blockage will depend on the configuration. However, the
determination of clutter effects is best done experimentally during the de-

tailed design pnase.
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3.8 CAVITY OSCILLATION PREDICTIONS FOR SELECTED CRUISE MISSILE CARRIER

AIRCRAFT (CMCA)

3.8.1 CMCA Cases

Six CMCA cases were selected for analysis, as discussed in Section 3.1.
The general arrangement of the missile bays, and the pertinent descriptive
data are shown for eéch case in Figures 2 through 4, 3Since the prediction
methods provide the means for analyzing cavity oscillation at any desired
temperature/altitude/speed/dynamic pressure conditions, the six CHMCA cases
were analyzed for typical conditions to provide comparative data and a
demonstration of the methods. The analyses and the conditions applied were

as follows:

o Determine the speeds at which each missile-bay oscillation condi-
tion occurs and determine the frequency and SPL of the oscillation.
Do this for 25,000 feet altitude, standard atmosphere, for speeds
ranging from M=20.4 %o 1.0,

0 At nominal leaunch conditions of Mach 0.8 at 25,000 feet, determine
the missile-bay oscillatory f{requencies and corresponding SPL's,
and the broadband noise level, to obtain a sound pressure spectrum
at a representative location. Determine sound pressure spatial

variation.

0 at a second launch condition of Mach 0.8 at 37,000 feet, determine
the missile«bay osciliation frequencies and corresponding SPL's.

¢ Assume that the missile bay is empty; there are no buffles or
partitions in the launchers or missile bays; and neglect the

effects of aperture doors.
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3.8.2 Sample Application of Prediction Procedures

In the interest of clarity and for illustration, a rather elementary step-
by-step application of the cavity oscillation prediction procedure follows
for TMCA Analysis Case 2. Because of the peometry of Case 2, many modes
are possible., While this makes it more burdensome to analyze, it is a com-

prehensive example; thus its selection.

missile bay: lx = 100 feet; ly 16 feet; [z = § feet

aperture/neck: Lx = 26 feet; Lz = 6 feet; Ly = 6 feet

Geometry:

1. Case 2 constitutes a long, rectangular cross-section cavity exposed

to parallel stream flow, via a well-defined neck, Dimensions are:

Frequency Calculations:

E
¥
1.3
\_.:‘

2. Calculate values of H using Equation 17, at Mach increments of 0.1M

for the speed range of interest, e.g.,

M) .4 |.5 |.6 |.7 |.8 '.9 |1.o ]1.1 |1.2

|
H | 1.016l1.025|l.035 I 1,048 l 1.062 l 1.078l 1.095 I l.||4ll.135

3. Caloulate values of shear layer oscillation Strouhal number at each
Mach number increment for each shear layer mode through NR=5. using
Equation 15 and the valuss of M and H established from Step 2,

e.g.,

Mach ! | .4 S5 6 7 .8 .9 1.0 1.} 1.2

Ne=l L3481 ,332f 316 .302| .288| .276 | .264 | .252 | .241
N°=2 812 7741 738 .705| 673 .643 | 615 588 | .562
Ne='3 1.276 {1,216 11,160 |1,108 | 1,058 | 1,011 967 | 924 | .884
Ne=4 1.73911.,65811,582 {1,510 | 1,442 11,379 | 1.218 | 1,260 | 1.205

Ne=5 2,20312,100{2.003 |1.913 11,827 } 1,746 | 1.670 | 1.596 | 1.526

4}
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Construct a "master" plot (that can be copied and used repeatedly)

of shear layer oscillation Strouhal number versus Mach number using

the values tabulated in Step 3, e.g., see Figure 54.

Calculate values of G using Equation 20. Use the appropriate de-
finition of F consistant with the missile bay cross-section. (See
Section 3.7.1 or the list of definitions/symbols). Tabulate G for
each fore-aft acoustic mode through Nx=10, each depthwise acoustie

mode through Nz=2. and each complex acoustic mode through

Nx=2'Nz=2. e.g. H

Nx 1 2 3 4 5 é 7 8 9 o 0 1 2 0 1 2

F 0 0 0 0 0 0 0 0 0 0 1 1 i 2 2 2

G J26f .52 .78( 1.04|1,3| 1.56]1.82 2.08] 2.34] 2.40( 2.892.90| 2.94( 5.78|5.78{5.80

6. For each acoustic mode order calculate values of acoustic mode

Strouhal number at each Mach number increment. Use the values of H

and G tabulated in Steps 2 and 5, with Equation 22, e.g.:

Mach No, A .5 .6 7 .8 .9 1.0 1.1 1.2
Nxﬂl, N:O A0 | 268 224 195 173 156 J42 0 132 B
Nx=2, N:HO A0 | S5 4B | 389 | LS RO 285 203 | 244

Nnaa, N"'O R4 799 | 673 ) 584 | 518 | 447 A27 | 395 369

N 4, N.'O 1,321 | 1,066 | 897 | 779 | 690 | 623 | 569 | G272 | 4m2

NS, N:-O 1.650 1 1,332 ) a2l I 883 | T N2 6881 615

wa, Nx'O 1,981 | 1,599 1 1,345 | 1.168 | 1,035 | 934 | .&54 | 790 | .738

Nx~7, N!-O 2,310 1 1,885 | 1.570 | 1362} 1,208 | 1,09 | .96} D22 | .86

N:ﬁ. N;O 2,042 1 2,132 | 1794 | 1,557 | 1.36) | 1.248 | 1139 | 1,053 | .984

Nx'ﬂ. N0 2.972 | 2,398 | 2,018 | 1.752 ) 1,583 | 1.400 | 1.281 | )85 V.07

Nx-IO. N;O 3.302 | 2.645 | 2,242 | 1,946 | 1,726 | 1,557 | 1.423 | L.317 | 1.20

NKIO. Nz-l 3,670 | 2,962 | 2,493 | 2,163 | 1.918 | 1,731 ] 1,582 | 1.463 | 1247

N, Nz.‘ 3,683 | 2,672 | 2.501 | 2.7% | 1,928 | 1.737 | 1.588 | 1.488 | 1.071

N 2, N:*l 3.4 | D013 | 2,538 | 2,200 | 1.,95Y {1,780 | 1,600 | 1.489 | 1.3%0

Nu-'o, N "2 7.341 | 5.924 1 4,985 | 4,327 | 3.835 | d.462 | 3,115 | 2,97 | 2.7

N e, N!-I 7.0 1 5,924 | 49085 | 4,327 | 3.806 | 3,482 | 3.145 | 2,927 | .70

N2, N #2| 7,386 | 5.8 | 5.002 | 4.342 | 3.650 | 3.474 | 3,176 | 2997 | 2.743
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7.

8.

Plot the values of Sirouhal number computed in Step 6 on a copy of
the plot of shear layer oscillation Strouhal numbers constructed in
Step 4. Identily or note the approximate intersections of the
shear layer mode curves and the acoustic mode curves, (see Figure

58). Each intersection defines a potential cavity oscillation
mode.

From among the intersections noted in Step 7, list the more
probable cavity oscillation modes using the shear layer/acoustic
mode hierarchy discussed in Section 3.7.2, €.g8.:

Mach Range Probable Oscillation Mode Priority
(N (N, N )

= = B
M= 4 NR 1, Nx 1, Nz=0 2
—d to57 — NR=31 ! ‘X~4"N;=o~‘_ 74
4to .7 NR=‘-2, Nx=3' Nz=0 A2
—lpo—F— — NR=37-N;‘&,~NZ=O- Tt I R S et
Jto 1.0 NR-'=2, N =4, Nz=0 A2
JZto 1.0 NR‘:G, Nx=6, Nz=0 C2
- Tt NN T, N e Q2
M21,0 NR=2, Nx“ﬁ, Nz=0 A2
Mz21.0 NRL", Nx“-=2, N;O B2
MELO N3, N8, N0 . —Gae

Note that at any speed range there are ample modes available having
A, B, or C priority, and in this case it is unnecessuary to list the
D priority modes, Identify one or two top-priority modes in each
range and rule out all others, e.g., the dashed lines.

The application of the mode hierarchy rules to select the probable
modes osn be deferred until Step 11 if preferred, where a graphical
presentation of the intersections will be avallable gnd all of the
prevailing conditions can be visualized. However, doing so in this
step reduces the amount of calculatiocn in Step 9.
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Compute and tabulate the Mach numbers and Strouhal numbers of
onset, intersection, and termiration for each of the probable
cavity oscillation modes identified in Step 8, using the equations
below which were obtained from Section 3.7.1:

] 0 26| 2,73 | 372 355 568 .184 .230 745
2 0 .52 1.08 | 1.021 280 .456 139 S59%0 | 3.414
3 0 781 1.99 ) 515 776 920 661 432 612
4 0 1.04] 1.35 | .784 702 .834 596 .649 948

5 0 1.3 97 | 1,166 631 751 S35 939 | 1.447

6 | 0 1.56 | 1.44 § 729 | 1,120 | 1.230 | 1.032 | .661 .803

G= (oszz + szz)Vz , calculated in step 5.
(H) * 2(NR . .25) G
M/, 1.75G
2 -1/2
H G (H
w={() - =% (i)
oc « 25 | ~1/2 e ] -1/2
§,=5; * 25 [NR (1 +M‘)] 5, =5, - .2 [NR Q1 +Mi)]
M = """'0_ - i2 M=) o -2
° | .2 vl .2
G G

a4
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10.

11,

12.

Using the plot prepared in Step 7, and the values of Ho, Mi, and Ht.
computed in Step 9, indicate the speed range over which each pro-
bable mode would respond, as shown by the shading in Figure 56.

Inspect Figure 56, apply the cavity oscillation mode hierarchy de-
scribed in Section 3.7.2, and conclude the following: Priority A
and B modes are available throughout the apeed range; therefore,
rule out all others. The cavity oscillation modes predicted are
the (2)(3,0), the (2)(4,0), the (2)(5,0), the (1)(1,0), and the
(1)(2,0).

Compute the cavity oscillation frequencies using Equation (28),
f=5;M,Co /L, where C, is obtained from reference tables to be 101€
ft/sec at 25,000 ft, and 968 ft/sec at 37,000 ft. Obtain the
fcllowing:

Frequency Frequency
Mode Onset | Intersaction | Termination @25000 Fr | @ 37000 F+

(NR) (Nx,l ‘z) Mach Mach Mach Hertz Hertz

(98,0 432 S5 512 15.6 14,9
044.0) N7 J84 S48 2.3 2.5
@s,0 959 1.164 1,447 28,7 7.3
(‘)(‘lo) 02& .m -»’“ 502 5.0
He,0 5% 1.0 414 n.2 10,7

Sqund Preasure Level Derivations;

13.

Enter Figure 41 at the intersection Mach number for each cavity
oscillation mode {(or use the equations noted on Figure 41) and
obtain the normalized maximum sound pressure levels at interscation
as follows:

Mode lntersaction 2 log P/q
(NJIN_,N) Mach o8
20,0 51 -0.7
{2)(4,0) 764 -33.)
(26,0 t.164 -25.4
M, 0) a7 -19.4
Q.0 1.02) -25,}
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4. Determine dynamic pressure q (in pounds per square inch) at each
intersection Mach number for the desired altitude of 25000 feet,
and convert normalized sound pressure level (20 log P/q) to SPL for

each mode, as féllows:

SPL = 20 log P/q +20 log q + 170.75

qs= Mzﬁ‘C‘f{’,J ; obtain P and C from reference tables

2
Mode Intersection q PSI) SPL (dB)

NN N ) Mach @25,000 Fr | @ 25,000 Ft
(2) (3,0) 515 1.01 150

(2) (4,0) 784 2.35 155

(2 (5,0 1.166 5.19 159

(1) (1,0) .372 .53 146

(N (2,0 1.021 3.98 158

15. To calculate SPL for each cavity oscillation mode, at speeds both
below and above intersection, use Figure 43 to obtain the correc-
tion to be applied to the intersectioun SPL.
Figure 43 at five speeds, whereby AdB {s:

For convenience enter

MM M, M,
M Mo 2 MI _?— M’
AdB -7 -2 0 -2 =10

Ry NN S et e S e




Using SPL@M = SPL@Mi +4dB, and disregarding Mach numbers that are
well below .4 and above 1.2, the resulting sound pressure levels are:

Mode Mach SPLO25K fe Mode Mach SPL@25K ft
(NQIN_,N) | Numbar (NN /N ) | Number
2@,0) M, = 432 143 ma,o) M, =20
M - 473|148 MM, = 00
2 2
M= 515 150 Mo =372 144
MM, = 563 148 M+ = 558 144
2 2
Moo= 612 140 M = 74 13
24,0) M, =9 148 (1)(2,0) M, = 5% 151
MM = 716 153 MM = 805 156
3 2
M'l = 784 155 M; = 1.0 158
MM = 886 153 MM =2,217
2 2
Mo w48 145 My =344
26,0 M, =93P 152
MM« 1,052 157
2
M =1.186 159
M, = 1,08
2
M, =447

16, Plot the maximum SPL's obtained in Step 15 versus Nach number, to
obtain a graphical summary of oscillatory levels at any launch
speed at 25000 feet altitude, as shown in Figure 57. If desired,

: the levels may be combined to obtain an envelope of overall
? oscillatory level versus launch speed, neglecting broadband noise.

Recall that the frequencies were determined in Step 12.

1
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17. To obtain the oscillatory SPL's versus launch speed at any other
altitude, such as 37,000 feet, the levels obtained in Step 15 are

ad justed according to the change in q:

937,000

SPL37,000 = SPLZS,O(K) +20 LOG( q25,000)= SPL25'000 -4,8d8

Environment at Selected Launch Speed of .8M; 25,000 Feet Altitude:

18. From Step 12, or from Figure 57 obtained in Step 16, determine for
.8M at 25,000 feet, that the missile bay will respond in two modes:
the (2)(4,0) and the (1)(2,0). The frequency of these two modes
will vary slightly from the frequencies at the intersection Mach
numbers. Obtain frequency at 0.8M using Equation 28 and G from
Step 9:

(1.04) (1018)
f2@wo ™ @@

1+.2#0.8972=21.6 H,

. _ (52 (1016) ] 1/2
o 2.0 = B GG 2 0.69Y2 10,8 1z

19. From Figure 57 derived in Step 16, determine the spatial maximum
sound pressure level at 0.8M for the 10.§ Hert:z mode to be 156 db,
and for the 21.6 Hertz mode to be 154.% dB,

20. Determine norwmalized broadband souni pressure level (1/3-octave-
band level) for each wode frequency from Figure 50, For the 10.8
Hertz mode, enter Figure 50 at S = fL/NC, = 0.34 and read
20 log P/q = -40dB. For the 21.6-Hertz mode, 5z.69 and
20 log P/q = -38dB. These levels are at the downstream wall near
the aperture.
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21. Qbtain 1/3-octave broadband sound pressure level, SPLB, from the

normalized level using

SPLy = 20 LOG P/q +20 LOG q +170.75

At .8M and 25000 ft, q = 2.44 and SPLB at 21.6 Hertz is 140.5dB.
At 10.8 Hertz it is 138.5 dB.

22. Convert the 1/3-octave broadband noise level to spectrum level, dBr

using
spectrum SPL = 1/3 octave SPL - 10 log (1/3 octave BW)

Obtain the following:

Frequency | 1/3 Octava | 1/3 Octave Spectrum
Hertz SPL - dB BW - Hz SPL - dB,
10.8 138.5 2.2 135
21.6 140.5 4,4 134

23. Determine the broadband noise level at the wall opposite the
aperture using Figure 51. Enter Figure 51 at 2z/L, = 15/36 = 0.58:
obtain a correction of dH = -13. Levels along the opposite wall
are therefore 13 dB less than at the downstream wall near the
aperture, whereby at 10.8 Hertz, opposite-wall spectrum level i3
122 dBr. and at 21.6 Hertz it is 121 dB.. Hepeat Steps 20,21,22,
and 23 at any other frequencies dasired.

24, Construct a cavity response spectrum plot to summarize levels at
.BM, 25,000 ft., using trequencies and levels available from Steps
18, 19, and 23. The result is shown in Figure 58. To obtain the
spectrum plot for any other altitude (at 0.8M), adjust the oscii-

latory levels and the broadband levels to account for change in q
as done in Step 17.

49




4 §
,_ 25. Determine the spatial variation of the oscillatory sound pressure
; levels along the missile-bay wall opposite the aperture using
K -8
Equation 34.
3 3
5
22
1 SPL =S+ (SPL__ - SPL, ||ICon N wn | SPlmax ™ Ply
ﬂx max X X
: Obtain SPLB from Step 23, obtain SPL__ from Step 19, obtain Nx from Step 18,
ko whereby for the 10.8 Hertz mode,
1 645
. SPL, =122 +34[l Cas 2N !]
o} x
] X
S and for the 21,6 Hartz mode,
. { -658
] SPL, =121 +33.5(|Cas 4111 |
:L\ :‘ x
- : x
Calcuiate the following levels ot the spatial locations indicated:
Mode Fraquency |__ ] d& ar "R vt ‘
o (NQHN N} T Mese R TS B B - I BT B S O S B B PO B
) ‘ L 2 3 .
3 5 Me,0 0.6 156 sz e isajisalase |52 138 {138 1s2 156
: (2)4.0) 2.8 154,51 138 1130 | 150 | 135 § 150,51 136 [150 1150 | 136 | 184.5
Aopeonimore veroll | 158 | 152 [150 [ 150 [ 152 [ 158 152 [150 150 152 | 158
f 26. Consteuct a plot of level versus spatial position along the missile
E bay wall opposite the aperture %o summarize the cavity environment
at .58, 25,000 fest, using the values obtained in Steps 23 and 25.
y The result is shown in Figure 59. |
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3.8.3 Results of Predictions

The cavity oscillation prediction procedure, as applied to CMCA Case 2 and
described in the previous section, was used to analyze CMCA Cases 1,3,4,
and 6 (see Figures 2, 3, and 4) in accord with the conditions noted in
Section 3.8.1. Case 5 was not analyzed due to the absence of any sustained
oscillation in either the exploratory tests or the CMCA model tests
discussed in Section 3.6. A summary of the predicted oscillatory
conditions that could occur at 25,000 feet is shown in Figure 60 for each
CMCA case, The Mach number at which each oscillation begins (onset),

maximizes (intersection), and ends (termination) is tabulated along with

the maximum sound pressure levels and corresponding frequencies.

A summary of the oscillatory modes and their levels and frequencies for
launch at Mach 0.8, 25,000 feet and for launch at Hach 0.8, 37,000 feet is
shown in Figure 61 for each CMCA case. The predicted spatial variations of
the SPL's for launch at Mach 0.8 at 2%,000 feet are shown in Figures 62

through 66 for each case.

3.8.4 Required Alleviation

It can be seen in Figure 60 that maximum oscillatory levels at 25,000 feet
exceed 150 dB in all cases. These cscillations are essentially discrete
frequoncy pressure flucgtuations that could have a pronounced effect on air-
craft integrity, depending on how closely the oscillation frequencies mateh
the airframe structural resonance frequencies. For this progrom, it was
presumed that the predicted levels would be intolerable and that allevia-
tion devices would be required for all cases analyzed.

3.8.5 Effectiveneas of Alleviation Devices

A3 discussed earlier, cavity o3cillations iwn CHCA's involve two basic
physical phenomena’ shear layer oscillation and misaile bay acoustic
resonances, In aome very shallow cavities, the potentisl for missile bay
acoustic modes is severely limited and the shear layer oscillation appeara
capable of sustaining itself at moderate levels {ndependent of acoustic
modes. Also, it {8 impractical to eliminate acoustic modes in an en-
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closure. Thus,, the shear-layer oscillation is the phenomenon that is best
altered to achieve cavity noise suppression. The approach to the sup-
pression of cavity oscillation in CMCA's is, thus, similar to the approach
used heretofore on conventional bomb bays. The shear-layer oscillation
frequency is characterized by the aperture 1length in the streamwise
direction and the freestream velocity. With these quantities known, the
frequencies of potential oscillation can be obtained from the modified
Rossiter equation, but very little information about the piuysical aspects
of the coupling with acoustic resonances is available. Based on flow cb-
servations using oll streaks, shadowgraphs, and water tables, some in-
vestigators have surmised that the introduction of turbulence into the
shear layer could effectively deatroy the shear layer and, therefore,
suppress cavity oscillations. The thickness of the shear layer is in-
creased by turbulence, and in some cases cavity oscillation sound pressure
levels a-e reduced, Solid and porous spoilers, leading- and trailing-edge
airtoils and ramps, and combinations thereof have been used for suppression

devices on bomb-bay-type cavities with various degrees of success.

Cursory CMCA model tests were conducted tu evaluate turbulence generating
devices of the type illustrated in Figure 67. These tests consisted of
"on-line"™ comparisons of cavity response level at a few speeds. This
activity led to the observation that location, size, and orientation were
more important than the degree of turbulence created by a3 particular de-
vice, In other words, a solid spoiler fence oriented normai to the flow at
a favorable position upstream of the aperture leading edge might be more
effective than a sawtooth device of similar overall geometric propestions,
Turbulence alone did not seem to be of prime importance in cavity oscilla-
tion suppression. Instead, it appeared that the characteristic length of

the unattached shear layer was the more important parzmeter in maximizing
suppression. Additional cursory tests were then conducted to evaluate an
upstream spoiler with and without a downstream ramp. From these tests it
was observed that the upstream spoiler fence, when moved ahead of the
aperture leading edge, evidently became the upstream crigin for the shear
layer. The shear layer characteristic length was thus increased, leading
to a reduction in the shear layer osciliation frequenay. Suppression was
derived by "mismatching" or decoupling the shear layer from the responding
acoustic mode. Ramps positioned downstream of the aperture present a
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condition whereby the characteristic length is indistinct. The unattached
shear layer length changes as its point of reattachment wanders fore-aft on
the sloped ramp surface. The "Rossiter"™ modal frequencies for the original
aperture are thus altered. When no acoustic modes were available below the
principle mode frequency, the suppression devices that increased "apparent”
aperture length were very effective, In large missile bays with many
acoustic modes below the principle cavity oscillation mode, an upstream
spoiler and a downstream ramp usually caused the shear-layer oscillation to

couple with ¢ lower-order acoustic mode.

The coupling with lower-order modes is illustrated in Figure 68 which shows
the response of a model representing CMCA Case 1, i.e.. a long cylindrical
missile bay. Note that at Mach 0.62, the unsuppressed cavity oscillation
involves the second- and third-order fore-aft acoustic modes. As speed is
increased to Mach 0.77, the oscillation involves the fourth-order acoustic
mode, At Mach 0.90, it involves the fifth—o;der acoustic mode., However,
when fitted with an upstream spoiler and a downstream ramp, the cavity
oscillation at Mach 0.63 involves the first. second-, and third-order
acoustic modes. Beyond that speed, the cavity oscillation continues to in-
volva the third-order acoustic mode. With the increased "“apparent!
aperture length due to the presense of the spoiler and ramp, the reduced
shear layer oscillation frequency no longer couples with the fourth- and
fifth-order acoustic modes. Also, note that the unsuppressed cavity spec-
trum at Mach 0.90 Mach shows responses of the higher multiples of the
principal acoustic mode, specifically the second and third multiples of the
fifth-order acoustic mode. These responges are due to distortion, With
suppression, the levels do not become intense enough to become distorted,

and no distortion response is evident,

As a result of these tests and observations, the alteration of the shear
layer to iucrease tne "apparent" aperture length was the suppression
approach seleoted, using a 3poiler-type fence upstream. For large missile
bays having many acoustic modes an airfoil-shaped vamp was added downstream
of the aperture., [igure 69 illustrates these devices.,

From test trials of these devices, it was concluded that the spoiler height
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should be at least 7 percent of the aperture length, and position should be
about 25 percent of the aperture length ahead of the aperture leading edge.
The fore-aft position of the spoiler appears to be even more important than

height. If an airfoil ramp is located downstream, the height of the ramp
should be approximately equal to the height of the spoiler.

Subscale models representative of each CMCA analysis case were then tested
with these devices in place to determine their effectiveness throughout the
speed range of interest. Case 3 was evaluated first, and in this instance
a substantial trial-and-error experimental effort was made to optimize the
position of the upstream spoiler for minimum SPL. Nearly total suppression
was obtained in the Mach range of 0.75 to 0.80, as shown in Figure 70.
However, there were not sufficient resources to optimize the spoiler

locations for every CMCA case. The other cases were all evaluated with the
same spoiler location that was best for Case 3. In those cases, less
suppression was therefore achieved at the Mach 0.80 range, as is evident in
Figure 70. In each case, however, substantial suppression was obtained at
certain velocities, and it is expected that the regions of substantial
suppression could be shifted to any velocity desired by optimizing the size
and lccation of the suppression devices. This ramain3 to ba demonstrated,
however. So for purposes of revising the predicted SPL's in the CMCA cases
analyzed, the noise reductions shown in Figure 70 were used as shown
without allowance for optimizing the devices in each case,

3.8.6 Revised Predictions

The SPL's predicted for 0.8 Mach and summarized in Figure 61 were adjusted
according to the Figure 70 SPL reductions obtained experimentally. The
resulting revised SPL's are shown in Figure 71 for 0.8 Mach at 25,000 and
37,000 feet. These results are only for illustrative purposes, The fre-
quencies were not revised, since further research is necessary to demon-
strate the relations between spoiler/ramp locations, apparent apertureg
length, and shear layer oscillation frequency, Broadband noise levels
would likewise be affected by alleviation devices, and were not revised due
to the lack of prediction methods appiicable to suppressed cases.
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Noteworthy trends, results, and behaviors observed during the course of
this effort are delineated below. The order of presentation relates to

subject matter rather than degree of importance,

All misaile~bay test models that had parallel stream flow over an aperture

were found to experience intense cavity oscillation,

In an oscillating cavity, the acoustic mode pressures appear to "regulate"
the shear layer pressure oscillations, such that the shear layer can drive
the acoustic mode over an appreciable Mach range.

The strongest cavity oscillation occurs when the frequency of shear layer
pressure ogecillation ceoilncides with a cavity acoustic resonance, With
correct representation of the two frequencies in terms of Strouhal number
versus Mach number, the intersection of the two Strouhal curves identifies
the oscillation frequency and Mach number.

The strongest cavity oscillation usually involves the second mode of the

shaar layer pressure oscillation.

When depthwise, lengthwise, and complex acoustic modes are "available," the
shear layer preasur2 oscillation usually “prefers® to drive the complex
anode,

A substantiel "end correction™ to the depth dimension is necessary in order
to use the classical equations to compute depth-wise acoustic modes in a
conventional bomd bay,

Higher multiples of the cavity oscillation frequency often occur when the
oscillatory pressure wavefore beocmes severely distorted, As many as 15 of

these "overtonesa™ are not uncommon,

Helmholtz response is evident in large missile bays, but only at low
velocities. As velocity inoreases, the sound pressure level of response
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decreases, and above .2M the Helmholtz resonance rapidly vanishes. The
Helmholtz resonance frequency is lowest at M = 0, and increases with Mach

number,

The fore-aft spatial distribution of sound pressures in the missile-bay
volumes is approximately a cosine wave shape; the number of wave minima

depends on the acoustic modal order,

The highest oscillatory sound pressure level observed in the subscale model
tests was 184 dB.

Five conceptual full-scale CMCA missile-bay cases were analyzed, and the
predicted oscillatory sound pressure levels ranged from 143 to 178 dB, at
frequencies ranging from 5 to 40 Hertz. In all five cases, the levels were
judged to be excessive and to require alleviation.

Flow-modification devices for alleviating cavi.y oscillation were found to
be effective if optimized in terms of size and fore-aft position relative
to the upstream and downstream edges of the aperture,

The rearward missile-launch configurations having the aperture at the end,
vherein the separated stream flow does not reattach downstream, were free

of cavity oscillation.

Cavity response must be surveyed in small Nach number increments (one to
three percent in oritical regions) to identify transitions from one
acoustic moge to another.

In aspectrum analyses very narrow bandwidths are necessary to identify
the correct acoustic mode involved.




5.0 RECOMMENDATIONS

Some of the results and observations arising from this effort are cause for
altered thought and revised approaches to the overall cavity oscillation
problem, For example, earlier published hypotheses regarding cavity ex-
cltation derived from studies of shallow bomb bays are not valid for cavity
volumes that are larger than the product of aperture area and cavity depth,
nor for deep cavities responding in a pure depth mode where the acoustic
pressure wave meets the aperture/shear layer as a plane wave front, Yet,
such cavities are very prone to oscillation, Further development work in a

number of areas is warranted.

Experimental investigations are recommended to study the overall process of
shear layer and acoustic pressure wave interaction. In particular, study
the way the acoustic pressure waves regulate the vortex shedding process;
study the change in shear layer pressure wave length (or convection velo-
city) over the length of the aperture; investigate the mechanism that pro-
duces severe distortion of the pressure wave; and the relative importance
of various streamwise segments of the convecting shear-layer pressure wave
in driving cavity acoustic resonances,

In some ocases the modified Rossiter equation for shear layer oscillation
frequency is inacourate, Refinement for these cases is recommended,

The classical equations for cavity volume acoustic resonance frequencies
are adequate for preliminary estimates., However, rarely does an actual
aireraft cavity fully conform to the shape that the classiocsl equations
correctly represent., The method of acoustic finite element analysis should
provide improved accuracy in the determination of acoustic modes in practi-
cal missile bays. The finite element methods should be implemented, &nd
the results need to be checked with experiments to evaluate the validity of
boundary assumptions and simplifications made to minimize wachine computa-
tion time,

The extensive structural modifications necesssry to ensure that airfranes
can tolerate intense cavity oscillation warrants a significant development
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activity on suppression. The recommended study of the interaction of the
shear layer and acoustic pressure waves would provide some of the insight
needed, Activities that may warrant pursuit are: optimizing location and
orientation of devices that vary the effective length of the aperture so as
to mismatch the shear-layer oscillation from the cavity acoustic resonance
frequency; development of concepts to prevent the shear layer pressure
waves from interacting with cavity volume acoustic modes, and development
of concepts to increase absorption and/or decrease the responsiveness of

critical acoustic modes.

It is recommended that the cavity environment analysis methods developed
and reported herein be applied to full-scale aircraft cases for which
cavity oscillation data either already exist or can be inexpensively ob-
tained, to validate the methods and determine whether the important para-

meters scale correctly.

Analytical development work is recommended that will lead to a mathematical
description of the shear layer time-variant pressure distribution over the

aperture area.
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Figure 1. Cavity Arrangements in Cruise Missile Carrier Aircraft
and in Conventional Bombers
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Figure 2, Long CMCA Missile Bays Selected For Analysis
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CATEGORY | MISSILE BAY
Open directly to stream flow; no defined throat.

Variable length, width, depth,
cross section, and clutter.

i APERTURE

Variable aperture length ond width.
Varigble aperture location fore/aft,
Varisble end bulkhead proximity to gporture,

T

CATEGORY 2 MISSILE BAY
Separated from parallel flow stream by a clearly
defined throat

|
== Sioan Flow e = ﬂ =
LAUNCH BAY OR THROAT APERTURE
Vorigble location olong missile bay. Varigble length and width.
Veriable length, width, depth, Varicble location along fuseloge.

cross section, and clutter.
Voriable end bulkhead proximity to aperture.

Figure 5. Generic Representation of CMCA Missile Bays
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CATEGORY 3 MISSILE BAY
Open directly to non parallel flow stream; no defined throat

= S"W/ -
APERTURE :

Variable aperture lacation fore/aft.
Variable {ength, width, and cross section.
Varigble wall thickness.

Variable air {low angle of incidence
relative to plane of opening.

CATEGORY 4 MISSILE BAY
Conventional rectangular bomb bay .
Varicbie length, width, depth,

cross section, ond clutter,

:..._\S!ream Flow e
APERTURE

Longth and width some a3 missile boy.

Figure 6. Generic Representation of CMCA Missile Boys
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Figure 19. Fore-Art Acoustic Resonance Freyuencies
Calculated and Measured in o 44" Missile Bay.
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21" X 5.4 D MSSILE BAY WITH FLOOR, 6" APERTURE
NUMBERS INDICATE dB LEVEL AT RESPONSE FREQUENCY
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Figure 27. Cavity Oscillations Measured in a
Cylindrical Missile Bay with Floor.
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21" X 5.4% D MISSILE BAY WITHOUT FLOOR, 6 APERTLRE
NUMBERS INDICATE dB LEVEL AT RESPONSE FREQUENCY .

Figure 28, Cavity Oscillations Mecsured in a
Cylindrical Missile Bay, No Floor.
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Figure 36, Rossiter's Measured Oscillatory Response (From Reference 2)
Corvelated with Predicted Acoustic Modes for L/D = 1 Cavily, L =8.
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Figure 37. Rossiter's Measured Oscillatory Response (From Reference 2)
Correlated With Predicted Acoustic Modes For L/D = 2 Cavity, Lx = gy
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Figure 39. Development of Empirical Curve For Sound Pressure Level Predictions.
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Figure 40, Nommalized Maximum Oscillatory SPL in Cylindrical Missile Bays.
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Figure 41. Nommalized Maximum Oscillatory SPL in Rectangular Missile Bays.
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AdB = 20LOG P/q@M~-20LOG P/q@M,, or
= SPL@M - SPL@ M,
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Figure 43, Oscillatory SPL Variation With Mach
Number Between Omset and Termination
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Figure 44, Free Stream Dynomic Pressure, Stendard Atmosphere
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Figure 45, SPL Spatial Variation Fore-Aft in 21" x 5.4" D, Cylindrical Missile Bay,
At Mach 0.7, 325 and 650 Hertz
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Figure 46. SPL Spatial Variation Fore«Aft in 21" x 5.4" D. Cylindrical Missile Bay,
at Mach 0,71, 975 and 1300 Hertz
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Figure 47. SPL Variation Measured Fors~Aft in 21" x 5.4" D, Cylindrical Missile Bay,
at Mach 0.71, 1600 ond 1775 Hertz
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Figure 48. SPL Variation Measured Fore-Aft in 21" x 5.4* D, Cylindrical Missile Bay,
ot Mach 0.71, 1950 ond 2250 Hertz
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Figure 49. Fore-Aft SPL Varlation Given by Equation 34 Which Accounts for Broadband

Noise Level, 21" Cylindrical Missile Bay
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Figure 50. Broadband SPL ot Downstream Wali Near Aperture
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Figure 51. Depthwise Variation of Broadband SPL on Downstream End Wall
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Figure 52. Eftect of Clutter on Frequency and Level of Maximum Oscillation.
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Figure 53. Effect of Clutter and Purtini Blockage on Frequency and

Level of Maximum Oscillotion.
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2.8 NR = Mode Integer In Rossiter's Equation
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Figure 54. Shea: Layer Oscillation Modes.
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Figure 55, CMCA Case 2 Pradicted Acoustic Modes Superimposed On Shear Layer Modes
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Figure 56. Speed Ranges Of Probable Modes Of Oscillation Predicted for CMCA Case 2
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Figure 57. CMCA Case 2 Response Frequency and Maximum SPL

Predicted for 25,000 Feet
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Figure 58, CMCA Case 2 Maximum Oscillotory Sound Pressure
Spectrum Predicted For .8M, 25,000 Feet
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Figure 59, CMCA Case 2 Predicted Fore=Aft Varlation in SPL On Wall
Opposite Aperture, for .8M at 25,000 Feet
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] CMCA | Oxcillation Mach No. Of Oxcillation | Maximum
E Cae Mode On=| Inter- | Termin- Frequency SPL
/SN I NSIN N | Set | section | ation Hertz dB
4 = R "x

I (])(]’0) - 037 075 5.2 153

. (1)(2,0) 59 1.02 - 11,2 161
;) 2@,00 | 43| .52 61 15.6 157
b @@u,0 | .&| .78 95 21.5 160
2 (])(]'0) - .37 075 5.2 ]46
S @@,0 | 43| .52 .61 15.6 150
k] (2)4,0) 65 .78 .95 21.5 155
T 6,0 | .| 117 - 28.6 159
| 3 @00 | .61 .74 .88 20.6 160
3)(1,0) 36 .40 43 19.8 154

30,1 75 .8 I 35.2 161

)I{)) .5 | 1.08 - 42.7 161
4 (2)(1,0) 46 55 .65 16.4 143
3)(2,0) 70 .78 85 33.6 153
®©,1) .78 .86 95 36.3 156

5 None - - - None -
é nHe,1n) .68 1.2 - 12.6 178
(2)(1,0) .61 J4 .88 2.6 163
@a,n 76 93 .13 24.3 172
3)0,2) 76 .84 .92 35.5 168

Figure 60. Predicted CMCA Miuile Bay Qcillaﬂon Within the Spead Ronge of

+4Mto 1.2M, ot 25000 Feet
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' CMCA Oscillation Launch | Oscillation | Maximum | Broadbe::
Case Mode Altitude | Frequency SPL Spectruni Level

/ (NJIN N | Foet Hertz d8 d8

] (@,00 | 25000 10.8 159 123

37000 10.3 154 18

(2)4,0) 25000 21.6 160 22

37000 20.6 155 nz

2 M@,0) | 25000 10.8 156 121

37000 10.3 149 118

(2)(4,0) 25000 21.6 155 122

37000 20.6 15G nz

3 @,00 | 25000 20.8 158 123

37000 19.8 153 18

4 3)2,0) 25000 33.7 151 120

37000 33.1 146 15

5 None - - - -

6 (Wo,1) | 25000 1.4 162 125

37000 n.2 . 157 120

@q,n 25000 ; 229 162 122

37000 22.7 ! 157 nz

Figure 61. Predicted CiCA Missile Bay Oscillation At Mach 0.8, Altitudes
OFf 25000 And 37000 Feet
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Figure 62. CMCA Case 1 Predicted Fore-Aft Variation in SPL on Wall
Opposite Aperture, for «8M at 25,000 Feet
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Figure 63. CMCA Case 3 Predicted Fore=Aft Variation in SPL
On Wall Opposite Aperture, For .8M at 25,000 Feet
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Figure 64, CMCA Case 4 Predicted Fore~Aft Variation in SPL
On Wall Opposite Aperture, For .8M at 25,000 Feet
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Figure 65, CMCA Case 6 Predicted Fore-Aft Variation in SPL on Wall
Opposite Aperture, For .8M at 25,000 Feet
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Figure 66. CMCA Case § Predicted Depthwise Variation in SPL on Downstream Wall,
For .8M, ut 25000 Feet.
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Figure 68. CMCA Case | Response Spectra With and
Without Spoiler/Romp Alleviation Devices.
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' Figure 69. tliustration of Selected Alleviation Devices
For Long Missile Bays
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Figure 70, Effect of Selected Alleviation Device(s) on
Maximum Oscillatory SPL
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CMCA Launch | Unsuppressed | Suppressed
Case Altitude Max. SPL Max. SPL |
! Feet dB dB
1 25000 160 149
37000 155 144
2 25000 156 146
37000 150 141
3 25000 158 128
e
37000 153 123
4 25000 151 130
37000 146 125
Mo Oscillation
25000 162 147
37000 157 142

Figure 71. Predicted Maximum Levels Of CMCA Missile Bay
Oscillation With And Without Alleviation; Launch
At Mach 0.8; 25000 And 37000 Feet Altitude
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